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Abstract

Dengue is endemic in most of the subtropics and tropics with half of the
world’s population at risk of acquiring an infection. For decades only mosquito
control could aid with disease prevention. However, in December 2015 the first
dengue vaccine, Dengvaxia, became available.

In this thesis a single-serotype transmission model considering the effect of
vaccination is derived. Three different assumptions regarding the biting rate
are made. Initially, a constant biting rate is assumed to determine the optimal
vaccination age for Brazil. For a more accurate description of the dynamics,
mosquito biting rate data is used later on to determine an age-dependent rate.
Lastly, instead of determining the force of infection from the biting rate, age-
dependent serological data is used to estimate both of these functions. The
description of the human population dynamics is also improved upon by using a
step-death function rather than a constant death rate.

In order to reduce the burden of dengue, the optimal vaccination age is defined
to minimise the lifetime expected risk of hospitalisation or lethality. For both risk
functions several theories and uncertainties surrounding the disease outcome and
the effect of vaccination are studied. The impact of antibody dependent en-
hancement and permanent cross-immunity on the vaccination age is determined.
Additionally, a vaccine-induced increase is incorporated for the risk of hospital-
isation. All possible serotype combinations are considered.

The results of this work demonstrate that the optimal vaccination age depends
on how the biting rate and force of infection are defined. A variety of different op-
timal ages for immunisation are found. These vary with the assumptions relating
to serotype cross-reactions and depend particularly on whether a vaccine-induced
risk is considered. Consequently, a better understanding of the disease and the
effect of the vaccine is paramount for finding an accurate optimal age for dengue

immunisation.
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and D. Greenhalgh, Analysis of the optimal vaccination age for
dengue in Brazil with a tetravalent dengue vaccine, Mathematical
Biosciences 294 (2017) 15-32.

In this article the initial, simplified model with a constant human death rate
and a constant biting rate was used to determine the optimal vaccination age
for dengue. The underlying model was therefore similar to that which is used in
Chapter 4 of this thesis. However, a number of improvements have been made
to the work presented in Chapter 4. The discontinuity of the step-wise defined
risk functions was eliminated for the purpose of this thesis. The derivation of the
basic reproduction number was also revised to include the effect of the extrinsic
incubation period. Consequently the effective reproduction numbers derived in
the paper and in Chapter 4 of this thesis differ. Due to these differences the
optimal vaccination ages are also different.

Additionally, after the publication of the paper it was noted that due to the
tetravalence of the vaccine the effects of antibody dependent enhancement and
permanent cross-immunity should be considered for any number of co-circulating
serotypes. In Chapter 4 more results are therefore presented than in the published
paper.

All of these alterations were made before the recommendation regarding the
use of Dengvaxia in seronegative recipients were changed so that a vaccine-induced

risk was not incorporated.
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Chapter

Outline

An estimated 390 million dengue infections occur globally every year which
makes dengue one of the most important vector-borne diseases of our time [165,
166]. While the virus is mostly endemic in tropical and subtropical regions,
the changing climate may lead to it spreading to areas that have so far been
unaffected. Already over half of the world’s population lives at risk of being
infected by one of four distinct dengue virus serotypes. Considering the high
number of dengue infections and the spread of the virus, the main challenge that
we are facing at the moment is the reduction of the burden dengue poses on
society. For decades the only means of preventing outbreaks in endemic areas
were vector control strategies. However, the first vaccine against dengue, Sanofi
Pasteur’s Dengvaxia, has been approved recently and is now licensed in several
endemic countries. Vaccination could be a great tool in the fight against dengue
but for the largest impact it has to be employed in the best possible way.

Brazil is one of the countries that is most affected by the virus and its health
care system is under considerable stress each year due to country-wide dengue
outbreaks [169]. Control measures aimed at the country’s primary dengue vector,
the Aedes aegypti mosquito, have not led to a relaxation of the situation in recent
years. In fact, in the past decade the burden of dengue continuously increased
[15]. High hopes are now placed on the new dengue vaccine which has only been
licensed in Brazil since December 2015. The aim of this thesis is to determine the
ideal vaccination age for dengue in Brazil with this newly-licensed, tetravalent
vaccine. However, several uncertainties relating to the serotype interactions as
well as the vaccine itself make this a challenging task. With the help of math-
ematical modelling techniques the optimal age for the use of Dengvaxia in Brazil
can be determined. This needs to be done for a multitude of assumptions and

scenarios until a clearer understanding of the real dynamics is obtained.



In the first chapter of this thesis background information on the virus as
well as on the disease it causes is presented. Some of the key considerations
in this chapter are the clinical presentation of dengue and the theories that are
being explored as possible explanations for the different disease progressions.
Potential prevention strategies and control measures are discussed. The most
recent advance in the prevention of dengue is the introduction of the first licensed
dengue vaccine, Dengvaxia. An overview of the development of the vaccine and
a summary of trial results is therefore given and the current controversy relating
to the use in some individuals is reviewed.

The mathematical background is presented in the second chapter and key
concepts of epidemiological modelling are explained. Further the challenges asso-
ciated with the modelling of dengue are discussed and different approaches, which
have been used in previously published research, are reviewed.

In the third chapter a modelling framework for the determination of the
optimal vaccination age for dengue is presented. A single-serotype transmis-
sion model with a general age-dependent human death rate and a general age-
dependent mosquito biting rate is introduced. Expressions for the basic repro-
duction number of the model as well as the force of infection are derived. In
order to assess the effect of vaccination the burden of dengue is defined by the
lifetime expected risk. This risk is based on the probability of requiring hospital
treatment or dying due to dengue. The definition of the lifetime expected risk is
further adapted to take account of the possible cross-reactions between antibod-
ies of different serotypes in secondary, tertiary and quaternary infections. Four
possible cross-reaction scenarios (CRSs) are defined based on antibody dependent
enhancement (ADE) and the possibility of permanent cross-immunity (PCI) after
two heterologous infections. Additionally a method allowing for a vaccine-induced
risk to be incorporated in the lifetime expected risk is presented.

The general model is simplified in the fourth chapter by assuming constant
rates for the death of humans and the rate at which mosquitoes bite humans.
A summary of the most important theoretical results under these assumptions
is given and serotype-specific effective reproduction numbers are derived from
data collected through the Brazilian National Notifiable Diseases Information
System (SINAN). Subsequently the optimal vaccination age is determined for the
risk of hospitalisation and that of lethality for different assumptions regarding
the vaccine efficacy, all CRSs and any number and combination of serotypes. The
vaccination age is then limited according to the current licence of Dengvaxia to

study the effect of this restriction. The results are discussed and conclusions



regarding their reliability are drawn. In this chapter no vaccine-induced risk is
considered since the simulations were carried out before the research community
reached a consensus regarding the possibility of such an increased risk.

In the fifth chapter a step-death function for the human population and an
age-dependent biting rate derived from mosquito biting data are used. Again im-
portant theoretical results are summarised and the effective reproduction numbers
are determined for each of the four serotypes. The optimal vaccination ages are
computed for the risk of hospitalisation, of hospitalisation with a vaccine-induced
risk and for the risk of lethality. Again different underlying assumptions regarding
the vaccine, cross-reactions and the endemic area are considered. For each risk
function the effect of restricting the vaccination age is examined. The chapter
concludes with a discussion of the presented results.

In the sixth chapter a step-death function and an age-dependent mosquito
biting rate similar to that in chapter five is considered. However, instead of
deriving the mosquito biting rate from biting data and thus the force of infection
for a specific vaccination strategy, serological data is used to determine the overall
steady-state force of infection of dengue as well as the serotype-specific forces of
infection. Subsequently, from the overall force of infection, the age-dependent
biting rate is derived. Again the risk of hospitalisation, of hospitalisation with a
vaccine-induced risk and of lethality are considered and the optimal vaccination
ages minimising these risks are computed for all other underlying assumptions.
The vaccination age is then limited according to the licence restrictions as in
the previous chapters and the effect of this is discussed. Finally the results are
summarised and overall conclusions drawn. The advantage of using serological
data as opposed to mosquito biting data is briefly pointed out.

The thesis concludes with an outline of the main results, an analysis of the
overall trends for the different assumptions and a discussion of possible further

research.

In summary the thesis is therefore structured into seven chapters. The first
two chapters provide the reader with the necessary background on dengue and
the mathematical techniques that are used throughout the thesis. In the third
chapter the modelling framework is introduced in a general manner which is then
used to determine the optimal vaccination age in chapters four, five and six for
different model assumptions. In the final chapter a summary of the findings is
given, overall conclusions are drawn and some possible avenues for future research

are discussed.



Chapter

Background on Dengue

1.1 Introduction

Dengue is currently considered the most important mosquito-borne disease
in the world [165, 166]. One of the reasons for this is that over half of the
world’s population lives at risk of acquiring an infection with the virus. In fact,
more and more previously non-endemic regions are reporting their first outbreaks.
The high incidence in endemic regions with a significant proportion of severe
cases makes dengue a major public health concern that needs to be addressed.
In 2012 the World Health Organization (WHO) devised a global strategy with
the aim of significantly decreasing the disease incidence and thus the burden on
affected health care systems by 2020 [166]. This global strategy highlights the
need for more research and a better understanding of the disease and reiterates
the requirement of effective surveillance, prevention and control methods.

In this chapter the current knowledge about the virus and the disease will
be summarised. In particular the prevalence of dengue, its clinical features, the
lack of specific antiviral agents and possible treatments are discussed. However,
it will also be highlighted which aspects of the disease are not yet fully under-
stood and require further research. Of particular interest in this regard are the
theories regarding cross-reactions between antibodies of the different serotypes
and serotype-specific T-cells. In addition, current and potential prevention and
control methods are reviewed. Many advances in the prevention and control
of dengue have been made lately and will be pointed out with an emphasis on
the recently licensed dengue vaccine Dengvaxia. However, the vaccine has some
shortcomings with regard to its use in dengue naive recipients which have been
discovered soon after its licensing. The controversy resulting from these findings

and their consequences will also be reviewed in this chapter.



1.2 Dengue Fever

Dengue is considered a neglected tropical disease. It causes a significant bur-
den on health care systems around the world and more work is necessary to close
the current research gaps [81]. In this section an introduction to the dengue virus
and dengue fever will be given. To begin with a general overview of the virus
and its history is presented. Subsequently the spread and prevalence of dengue
is discussed. Additionally, clinical features and treatment methods are assessed.
Infection severity varies significantly across reported cases, therefore a classific-
ation of the different disease outcomes is presented and the possible reasons for

the differences in symptoms and disease progression are discussed.

1.2.1 Overview

Dengue is classified as a Flavivirus which is a genus of the family Flaviviridae
and comprises over 75 viruses amongst which are common pathogens such as the
yellow fever virus (which is the prototype of the genus), the West Nile virus and
the zika virus. Like many Flaviviruses dengue is a mosquito-transmitted disease,
i.e. blood-feeding, female mosquitoes function as the vector for the virus between
hosts. However, the dengue virus stands out amongst other viruses of this genus
due to the existence of several genetically and antigenically related but distinct
pathogenic serotypes [58, 80, 152]. The different serotypes are believed to have
developed from a common ancestor roughly 1,000 to 1,500 years ago [80, 152, 172].

This ancestor and the evolving serotypes were initially maintained in a sylvatic
transmission cycle, i.e. with certain arboreal Aedes species as vectors and non-
human primates as hosts [31, 35, 58, 80, 152, 154]. Today sylvatic dengue cycles
persist in Southeast Asia and Western Africa, thus dengue is believed to have
originated in one of these regions [80, 152]. The transition from the sylvatic to
the human transmission cycles of each of the four dengue serotypes occurred inde-
pendently and was most likely due to an arboreal vector species feeding on humans
in rural areas. Subsequently the virus spread to urban areas where the Aedes ae-
gypti and Aedes albopictus mosquitoes are its primary vectors and humans serve
as hosts [35, 154]. The establishment of a permanent and distinct mosquito-
human-mosquito cycle has been determined to only have occurred between 125
and 320 years ago once the urban population was large enough to facilitate it
[152, 157, 172]. However, the first description of an infection resembling dengue
was recorded in a Chinese encyclopaedia which may date back to the Chin Dyn-
asty (A.D. 265-420). According to Nobuchi [112], as referenced by Gubler [58],



the Chinese referred to the disease as water poison and believed it to be some-
how connected to flying insects. This record would roughly coincide with the
estimated time of serotype divergence from the common ancestor [80, 152, 172]
and could have been caused by a sporadic transmission to humans from arboreal
mosquitoes even before a sustained human transmission cycle existed. The first
report of an outbreak that actually detailed all symptoms of dengue is thought
to be an account by Benjamin Rush [128] of an epidemic of bilious remitting
fever or break-bone fever as most of his patients called the disease. It occurred in
Philadelphia in 1780, i.e. at a time when a sustained human transmission cycle

was potentially well-established.

Following this first account of a dengue epidemic, a number of outbreaks were
reported during the 19th century throughout subtropical and tropical regions,
e.g. in the Caribbean, India, the United States and Brazil [27, 71, 142]. These
are likely to have been caused by the spread in the human cycle through the
transmission by Aedes aegypti and Aedes albopictus mosquitoes. However, these
epidemics are attributed to the dengue virus solely based on the description of
symptoms that the affected individuals experienced. Considering that the symp-
toms of a dengue infection can be very similar to those of other febrile illnesses,
especially in the early stages of disease progression, it remains unclear whether
dengue was indeed responsible for all of them.

The technical advances of the 20th century made it possible to unambigu-
ously identify dengue infections through the isolation of the virus. According to
Buchillet [27] the Japanese researchers Kimura and Hotta [89] were the first to
isolate the virus from blood samples taken during the epidemic in Nagasaki in
1943. Shortly afterwards, researchers of the United States military also managed
to recover the dengue virus during outbreaks in Hawaii and New Guinea [131].
Between 1943 and 1960 four genetically and antigenically related but distinct
serotypes were isolated and named dengue virus serotypes 1 to 4 (DENv1-4) re-
spectively [58, 76, 89, 130, 131]. Each of the serotypes can be further subdivided
into several distinct genotypes [18, 35]. Chen and Vasilakis [35] reviewed phylo-
genetic data of a large number of dengue strains and thus identified a total of 20
genotypes (DENv1: 5 genotypes, DENv2: 6 genotypes, DENv3: 5 genotypes, DENv4:
4 genotypes) which are often associated with a specific geographical region.

Recently evidence of a fifth serotype has been discovered which is so far not
believed to be a human pathogen [108, 113]. This serotype is often disregarded
because it is maintained solely in its sylvatic cycle [31]. It will therefore also be

omitted in this thesis since only the human transmission cycle will be modelled.



In 1954, following the successful isolation of the dengue virus, a more severe
form of dengue fever was observed in the Philippines; it became known as dengue
haemorrhagic fever (DHF) [76]. While this is often cited as the first occurrence
of severe dengue (e.g. [58], [55]), Halstead [71] points out that several cases asso-
ciated with the acute symptoms of DHF and dengue shock syndrome (DSS) had
already been recorded at the turn of the previous century. However, after the
Second World War an immense increase in dengue incidence and a rise in DHF
cases were reported throughout the tropics and subtropics with the virus spread-
ing to previously non-endemic regions [58, 71, 142]. This rapid expansion was
likely facilitated by factors such as the population growth in affected areas and an
increased urbanisation with little or no preparation of water and sewage systems
[58]. Nowadays the fast modes of travel, large numbers of tourists in endemic re-
gions and changing climate are significant risk factors for the virus spreading even
further. Indeed, every year dengue infections are recorded in travellers returning
from dengue affected countries [162, 165] and more recently even autochthonous
infections have been observed in generally non-endemic regions where suitable
vectors are present [125, 140, 141, 149]. It is therefore not surprising that dengue
is in fact considered a global public health concern that needs to be addressed

urgently.

1.2.2 Spread and Burden of Dengue

According to recent estimates almost 400 million dengue infections occur an-
nually in dengue endemic areas [22]. In fact, in the past years dengue infections
have been recorded in all of the six WHO regions (African region, region of the
Americas, South-East Asia region, European region, Eastern Mediterranean re-
gion, Western Pacific region) [167]. However, some regions are much more affected

than others.

African Region

There is no systematic dengue surveillance system in place in countries of the
African region and the disease is not officially reported to the WHO resulting in
poor surveillance data [165, 166]. This is compounded by several other factors,
such as a lack of awareness about dengue and laboratory diagnosis being rare
due to a lack of resources [8, 166]. Dengue is also often misdiagnosed as malaria
since the symptoms are similar and malaria is highly endemic in the region |8,

148]. Additionally it has been stipulated that the low number of reported dengue



cases may be due to a genetically caused resistance in indigenous Africans [71,
159], i.e. infected individuals show milder symptoms and cases are therefore not
reported. Consequently data is insufficient and not accurate enough to draw
reliable conclusions about the spread and incidence of dengue. However, recently
some research has been carried out to estimate the burden of dengue in Africa
from the available case reports by using mathematical modelling methods.

In 2011 Amarasinghe et al. [8] reviewed published literature and databases
to estimate the spread of dengue in Africa from case reports. They found that
dengue outbreaks have been reported in the majority of the 47 countries in the
region. In some countries dengue has only been recorded in travellers. How-
ever, they determined that the primary vector, the Aedes aegypti is common in
all countries which indicates the potential for dengue to become or already be
endemic in the entire African region.

Bhatt et al. [22] used a statistical model to determine the risk of dengue around
the world. Interestingly, their findings show that the burden of dengue in Africa
is comparable to that in the Americas with roughly 16 million infections annually.
This contradicts the previous assumption that Asia and the Americas are much
more affected than Africa [22, 63, 71]. Messina et al. [105] further evaluated the
spread of the four dengue serotypes and found that many countries in Africa have
so far reported infections with three serotypes. However, they query whether all
of the serotypes are transmitted in a stable human cycle or whether some are
only occurrences of infections from the sylvatic cycle.

More research into the spread and burden of dengue in Africa is currently un-
derway [94] and will likely yield a better understanding of the epidemic situation
in the region. However, considering the recent findings and the general global
situation it is likely that dengue will have a significant effect on the health care

systems in Africa in the near future if it does not already [83].

Region of the Americas

The region of the Americas is one of the regions most affected by dengue in
the world [167]. In fact, dengue has been endemic in the region for centuries
[40, 142]. Suspected outbreaks occurred as early as 1635 in Martinique and
Guadeloupe [142] but due to similarities of symptoms with other febrile illnesses
it is unclear whether dengue was indeed the sole cause of these epidemics. The
first description of an epidemic detailing all of the symptoms of the disease was
recorded in 1780 in Philadelphia [128]. Throughout the 19th century and the

first half of the 20th century occasional outbreaks occurred in many parts of the



region, particularly in port cities [40, 142]. It is believed that many of these
outbreaks are connected to commercial activities and the importation and spread
of the virus and its primary vectors. Dick et al. [40] classified this period from
1600 to 1947 as the period of introduction to the Americas.

Following the proof of the theory that yellow fever is transmitted by the Aedes
aegypti mosquito by Reed et al. [123] in 1900 eradication efforts were initiated
in a number of countries affected by yellow fever (and dengue), e.g. Cuba, Brazil
and Colombia [40]. The success of these national eradication programmes and
the introduction of the insecticide dichlorodiphenyltrichloroethane, commonly re-
ferred to as DDT, led to a continental plan for the eradication of the Aedes aegypti
which was approved by the Pan American Health Organization (PAHO) in 1947
[42]. In many parts of the Americas this campaign was highly successful, leading
to over 18 countries being declared free of the mosquito by 1962 and only a single
dengue serotype (DENv2) remaining endemic in the region [40, 57]. Brazil was
one of the countries which successfully implemented the plan and eradicated the
mosquito in 1955 and after a period of reinfestation again in 1973 [24]. However,
in a number of countries such as Venezuela, parts of Colombia and Cuba control
measures were less stringently implemented and eradication was not achieved.
The persistence of the mosquito and the virus in these regions combined with
the gradual decrease in perceived risk in countries that were declared free of the
vector led to a resurgence of the vector in most of the Americas in the 1970s and
1980s [40, 57]. The reintroduction of serotypes DENv1, DENv3, and DENv4 to the
Americas in the late 20th century resulted in an increasing number of severe cases
in the past two decades [40].

Not all countries in the Americas bear a significant burden due to dengue.
Case reports from the United States and Canada are rare and usually arise from
travellers returning from endemic regions [165]. On the other hand, Latin Amer-
ican health care systems are under a particularly high stress from repeated epi-
demics. Brazil alone reported roughly 7% of apparent dengue cases in 2010 [22].
Since the reintroduction of DENv4 in 2010 all four dengue serotypes circulate in
most of Brazil [105, 134]. Despite repeated efforts by the PAHO to implement vec-
tor control strategies and systematic surveillance systems in many countries of the
Americas, the region remains one of the most affected by the virus. Large parts
of the American region are hyperendemic and are experiencing more frequent and

more severe dengue epidemics and thus a higher economic burden [15, 40].



Eastern Mediterranean Region

Dengue was historically epidemic in many countries of the Eastern Mediter-
ranean region [122]. However, with the introduction of DDT, the population
size of the Aedes aegypti mosquito dwindled and consequently there were fewer
occurrences of dengue fever. In fact, the region was assumed non-endemic for al-
most half a century until 1985, when an outbreak in Somalia was recorded [122].
Following this re-emergence a number of sporadic outbreaks have been recorded
throughout the region [1, 9, 122]. This increase in outbreaks is most likely due to
several factors, including the decreased use of DDT, the rapid urbanization with
insufficient planning of water and sewage systems in the area, the large number
of migrants and tourists, and insufficient vector control measures [9, 122].

The Eastern Mediterranean region is therefore affected by dengue albeit not
as much as other regions. In fact, even within the Eastern Mediterranean region
there are significant differences in the spread and burden of dengue [166]. Some
countries so far appear to be unaffected. However, it is possible that poor surveil-
lance systems in these countries are unable to detect sporadic cases of imported
dengue as can be observed in other areas. Particularly countries along the Red
Sea and Arabian Sea are affected by the virus and some of them are experiencing
dengue as a significant public health problem. The WHO has therefore determ-
ined four groups of countries with a similar spread of the disease (Groups A-D,
from most affected to unaffected). Between 2008 and 2010 only 1% of all global
dengue cases were reported in the Eastern Mediterranean region [22]. However,
one reason for a higher number of reported cases in other regions may be better
surveillance systems and while the region is not as significantly affected as others
it is important to keep in mind that outbreaks in the region are becoming more

frequent and devastating.

European Region

In Europe dengue was non-endemic for most of the 20" century with the last
major epidemic having occurred in Greece in 1927 and 1928 [140, 165]. However,
dengue is and has been the second most common cause of febrile illnesses in
travellers returning from tropical and subtropical countries after malaria [160].
In fact, this importation of dengue cases has now led to a resurgence of the virus
in the region. The first autochthonous infections have been reported in the past
years in Croatia and France and a large outbreak was recorded in Madeira in
2012 and 2013 [125, 140, 141, 149].

Mathematical modelling studies have shown that the overall risk of dengue
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epidemics in mainland Europe is small even though autochthonous infections
sporadically occur [95, 100]. However, the changing climate and reintroduction
of competent vectors such as the Aedes albopictus mosquito give an indication
for the risk dengue poses to European countries [125, 140, 160]. The risk is
most significant in the Mediterranean area where the higher annual temperatures
create a suitable environment for mosquitoes.

Considering the recent re-emergence of the dengue virus it is crucial that the
situation is closely monitored, particularly in areas with a higher risk. With only
3,000 reported cases from 2010 to 2013 Europe, nonetheless, remains the region

least affected by the dengue virus [160].

South-East Asia Region

The climatic conditions in South-East Asia are very favourable for the Aedes
aegypti mosquito due to high temperatures and a heavy rainfall throughout the
year in most parts of the region. It is therefore widely distributed and responsible
for the disease being highly endemic in South-East Asia [22, 23].

Dengue emerged as a public health problem in South-East Asia shortly after
the Second World War [59, 116]. The movement of soldiers during the war facilit-
ated the spread of the Aedes aegypti mosquito and the introduction of other virus
serotypes to new areas [59, 116]. The resulting hyperendemicity (coexistence of
several serotypes) was responsible for the first occurrences of DHF in South-East
Asia [59]. A rapid population growth and unplanned urbanisation in the fol-
lowing years aggravated this by creating a highly suitable environment for DHF
epidemics due to the high vector density in urban areas with several co-circulating
serotypes [59, 116]. 30 years after the war DHF was already a leading cause for
hospitalisations and deaths among children in the region [59].

South-East Asia is still disproportionally affected by symptomatic dengue
infections and DHF [22, 71, 165] with an estimated 70%-75% of all apparent
dengue infections occurring in Asia [22, 165]. The regions of South-East Asia
and the Western Pacific are therefore most affected by dengue and bear a huge
economic burden [158]. With the frequency and magnitude of dengue epidemics
increasing further [143] effective prevention and control strategies are urgently

needed.

Western Pacific Region

14% of all dengue infections that occurred around the world between 2008

and 2010 were reported in the Western Pacific region [22]. The regions is, in fact,
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considered to be an epicentre of the disease [106, 167]. Dengue fever and its more
severe forms (DHF and DSS) therefore present a significant burden on the health
care systems of the affected countries. Most infections are recorded in Cambodia,
Malaysia, the Philippines and Vietnam. Roughly 90% of the dengue cases of the
region are being reported in these countries [34].

The size and frequency of outbreaks throughout the region has been on the
rise ever since it dropped in 1999 and 2000 [16]. This decrease in cases was
recorded after a very large outbreak in 1998 and was therefore likely due to a
large proportion of the population having been infected during this outbreak. All
four dengue serotypes have been reported in the region, with DENv1, DENv2, and
DENv3 being more predominant than DENv4 [16, 105].

In light of the increasing number of dengue cases in general and severe dengue
cases specifically the WHO devised a strategic plan to reverse the trend of dengue
and thus reduce the burden on the health care systems from 2008 to 2015 [168].
Nonetheless, dengue remains a public health problem throughout the Western

Pacific region.

Summary

Dengue is endemic in five out of the six WHO regions and a threat to the only
non-endemic region, Europe, with an increasing number of infections recorded
in travellers and the invasion of suitable vector species. Subtropical and trop-
ical regions are particularly affected by the disease with countries in South-East
Asia, the Western Pacific and South America experiencing the highest number
of reported cases [22, 105, 165]. The true incidence and burden, however, re-
mains unknown. This is true for all endemic areas but most notably so for the
African region where there is no surveillance system in place and febrile illnesses
are often assumed to be caused by malaria without any laboratory diagnostic.
Even in countries where dengue is systematically reported under-reporting and
misdiagnosis result in inaccurate data and make the estimation of the true in-
cidence difficult. A coherent comparison between the different regions or even
countries within one region is further complicated by the different criteria used
for the surveillance of dengue.

According to Bhatt et al. [22] the actual annual number of dengue infections
around the world far exceeds that reported to the WHO independent of the region.
Messina et al. [105], who evaluated the spread of all four dengue serotypes in the
past seven decades, found that Asia and South America bear a high burden of

dengue. This is due to the hyperendemicity of the virus in these regions with up to

12



four coexisting serotypes. However, it cannot be disregarded that the established
surveillance systems in these regions may simply be more efficient than those in,
for example, the African region. While few cases are reported from Africa it has
been estimated that the actual burden may be similar to that recorded in the
Americas [22]. The lack of resources for expensive laboratory tests are likely the
main reason for little evidence of dengue hyperendemicity in the countries of this
region even within the last decade [105].

With the significant spread of dengue, the threat to countries where the virus is
so far non-endemic and the high economic burden on affected health care systems
it is clear why dengue is considered a global public health concern even without

consistent incidence data.

1.2.3 Clinical Features and Treatment

Almost 400 million dengue infections occur globally every year. However, most
of these infections (roughly 75%) are asymptomatic and go unnoticed [22, 165].
The symptoms and outcome of the remaining 100 million apparent infections vary
significantly [165]. Dengue infections are therefore classified based on severity.

Historically it was distinguished between dengue fever syndrome and DHF
which could result in DSS [164]. However, since 2009 the practice is to differ-
entiate between dengue fever without warning signs, dengue fever with warning
signs and severe dengue [165]. Typical symptoms of a dengue infection include
amongst others a sudden onset of fever, aching of the body, headaches, rashes
and nausea. These symptoms last between two and seven days and once the
fever decreases most patients will recover. However, some patients deteriorate
once the fever subsides and enter a critical phase [64, 165]. In this phase patients
can, for example, suffer from abdominal pain and tenderness, vomiting, liver en-
largement and mucosal bleeding. Patients with these symptoms are considered
to experience dengue fever with warning signs. While most of them recover with
adequate medical intervention, some cases deteriorate further to severe dengue,
i.e. infections with severe plasma leakage with shock, severe bleeding and severe
organ impairment.

The reclassification of dengue infections was introduced to assist medical pro-
fessionals in the triage and treatment of patients with dengue fever [64]. In
particular the differentiation between dengue with and without warning signs
is supposed to help doctors identify those individuals most in need of close ob-
servation. This reclassification seems to be helpful, particularly with respect to

identifying patients who can be treated on an outpatient basis [110, 151]. How-
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ever, the new system relies more heavily on subjective judgement of the health
care professionals, takes the focus of plasma leakage as a sign for severe disease
and may lead to a higher economic burden in some countries [147]. Additionally
it has been stipulated that the previous classification of dengue infections into

dengue fever and DHF may be more practical in epidemiological studies [110].

While the classification of dengue fever has changed, treatment has largely
remained the same [164, 165]. In fact, a prompt and adequate treatment can
reduce the case fatality rate from over 20% to less than 1% even though no dengue
specific therapy exists [58, 165, 167]. In the absence of specific dengue treatments
the focus lies on supportive care and management of symptoms, particularly
through rehydration.

According to the WHO [164, 165] the main intervention consists of fluid re-
placement to compensate for the dehydration caused by fever and vomiting. In
particular oral fluid intake in the form of fruit juices and fluids containing elec-
trolytes and sugar is encouraged and the patient is closely monitored. However,
if this is insufficient an intravenous fluid therapy is administered. The fever
and accompanying pain is alleviated with paracetamol. For patients with severe
dengue an even closer observation is required and treatment consists of intraven-
ous fluid resuscitation and, if severe bleeding occurs, blood transfusions. The
fluid replacement interventions typically lead to a quick recovery of the patient.
However, one possible complication of this treatment is a fluid overload which can
cause respiratory distress and failure and requires oxygen therapy. Additionally a
patient might require treatment of further symptoms of severe dengue, e.g. renal

replacement therapy in the case of renal failure.

1.2.4 Cross-Reaction Theories

There is a wide variety of disease severity in dengue infections as could be seen
in the previous subsection. The reasons for these differences in disease outcome
are so far not fully understood. However, they have been theorised to be due to
a multitude of interconnected factors associated with the infected individual, the
epidemiological situation and the virus itself [65, 72].

Some individual risk factors include the gender of the infected individual,
underlying health issues, the age at infection and even the ethnic background. It
seems to be the case that males are more prone to DHF than females [146, 155]
and that chronic diseases such as diabetes increase the risk of developing severe

dengue [52]. However, the effect of age cannot be determined quite as clearly
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and seems to depend on the infection history as well [45, 70, 146, 155]. Certain
ethnic groups are believed to be less susceptible to severe infections than others
[71, 144, 159]. The virus itself is also believed to influence the risk of severe
outbreaks with certain serotypes being more prone to lead to serious symptoms
such as significant bleeding, haemorrhage and shock [91].

The most important risk factor, however, seems to be the infection history. An
increase in DHF /DSS cases around the world has been observed particularly during
the second half of the 20th century when fast modes of travel and urbanisation
led to the development of hyperendemic regions. The emergence of these severe
forms of dengue has therefore been linked to hyperendemicity [58]. However,
exactly why the coexistence of several serotypes seems to be responsible for more
severe disease outcomes remains to be demonstrated conclusively. There are
a number of theories regarding the cross-reactions between antibodies and the
different virus serotypes. These theories are namely the lifelong type-specific
immunity after infection with any dengue serotype, a short term cross-immunity
after an infection, ADE once cross-protecting antibodies decline and PCI after two

heterologous infections.

It is generally accepted that an infection with any one of the four dengue
virus serotypes confers lifelong immunity to that serotype and cross-protection
from infection with heterologous serotypes for a short period [64, 68]. However,
the duration of this cross-protection is not known and may indeed vary on an in-
dividual basis. Sabin [130] carried out experiments in the 1940s during which he
infected and re-infected a group of volunteers with the same or different dengue
virus serotypes. He found that cross-protection prevented a re-infection for up
to two months and resulted in a milder disease outcome for up to nine months.
However, since this study other researchers have found estimates for the period
of cross-protection by evaluating outbreak data and case report data using math-
ematical models. Their estimates range from as little as one week to three years
[10, 111, 124]. The discrepancies in these estimates may be due to individual
differences, differences in infecting serotypes or the size and accuracy of the data
that were used. Sabin’s [130] findings strongly indicate a waning effect of cross-
protection. Once neutralizing, cross-reactive antibodies decline the individual is
therefore fully susceptible to infection with the remaining dengue serotypes.

In fact, 90-95% of all severe dengue infections are attributed to secondary
infections and the remaining cases of DHF /DSS are associated with infections in
infants that have low levels of maternal antibodies [69, 84, 93]. This observation

has been explained by ADE. It is believed that antibodies which developed during
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a primary infection or are passed on to the infant from the mother prior to birth
are cross-reactive but non-neutralising once the concentration declines. When
a heterologous serotype causes an infection the antibodies bind onto the virus
without neutralising it and thus facilitate the entry of the active virus into the
target cells [84, 87]. Consequently individuals with a secondary infection experi-
ence a higher virulence and are more prone to severe symptoms. This theory of
ADE has been proposed decades ago [67]. However, until Katzelnick et al. [87]
showed the phenomenon in humans in 2017 only in vitro experiments and animal
models have supported the theory.

Antibodies from a primary infection cause more severe outcomes in secondary
infections. In contrast there is little evidence of enhancement in third and fourth
infections. In fact, it is even suspected that the disease is less severe in third and
fourth infections. This is based on a small proportion of hospitalisation being
due to post-secondary infections [54] and a reduced risk of symptomatic disease
after two heterologous infections [72, 115]. It has therefore been theorised that
the exposure to two of the four viruses results in a PCI which prevents severe
dengue in post-secondary infections [10]. However, it is unclear whether indi-
viduals who have experienced two prior infections are completely immune from
infection or whether infections are simply asymptomatic or very mild. Wikramar-
atna et al. [161] used a mathematical model to evaluate this theory and found
that asymptomatic infections which contribute to the spread of the disease are
more realistic.

In addition to the number of previous infections the risk of severe dengue
has also been found to be determined by the exact sequence of serotypes [54]
and the time between the first and second infection [10]. Independent of the
number of prior infections, serotypes and genotypes with a higher virulence lead
to more severe cases, e.g. DENv2 seems to be more virulent than DENv4 while the

American DENv2 strain is less virulent than the Asian strain [53].

The antibody cross-reactions not only influence the risk of severe disease in an
infected individual. After a large outbreak with one serotype a period of cross-
protection leads to less infections overall and the subsequent epidemic is caused
by a different serotype once the cross-protection wanes [124]. The next outbreak
is unlikely to be due to the same serotype since an infection confers permanent,
type-specific immunity and after a large outbreak a significant proportion of the
population can be expected to have been infected. Short-term cross-protection,
ADE and PCI are therefore also at least partially responsible for multi-annual

cycles that can be observed in all hyperendemic regions [165]. In addition ADE
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represents a big challenge for the development of vaccines that can effectively

prevent outbreaks as will be seen in the following sections.

1.3 Prevention and Control

In 2012 the WHO [166] published a global strategy for the prevention and
control of dengue. The main goal of this strategy is the reduction of the dengue
disease burden by 2020. Specifically the morbidity and mortality of dengue shall
be significantly decreased compared to 2010. This goal cannot be reached solely
through adequate treatment once an infection is diagnosed so that preventing
infections from occurring in the first place will be crucial. Together with the
WHO guidelines for the prevention and control of dengue [165] the global strategy
outlines all currently available control and prevention measures and the potential

of methods which are still being explored.

1.3.1 Mosquito Control

Historically the only way of preventing outbreaks and the spread of the dengue
virus to new regions was vector control. Its great potential has been shown by
the implementation of an Aedes aegypti eradication plan in the 1950s and 1960s
in large parts of the Americas. Despite the eventual abandonment of the plan
vector control strategies remain the most important tool for the prevention of
dengue and many other mosquito-borne diseases.

Most mosquito control strategies can be categorised into environmental (phys-
ical), chemical and biological approaches [165]. Their general purpose is to pre-
vent the transmission of the virus which can be achieved either by avoiding con-
tact between mosquitoes and humans or by decimating the mosquito population.
The WHO [165] recommends an integrated vector management approach combin-
ing environmental, chemical and biological methods. Such an approach ensures
a cost-effective employment of resources and the sustainability of implemented

vector control measures.

Environmental Control

Environmental control is probably the most elementary approach of prevent-
ing disease transmission by mosquitoes. Long-established and commonly used
methods that reduce the number of vector-host contacts rely on the change of

human behaviour and alterations to habitations [163, 165]. Individuals can, for
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example, avoid mosquito bites by wearing light-coloured, long-sleeved clothing,
by using mosquito nets when sleeping and by staying indoors during the hours of
high mosquito activity. The risk of being bitten can further be reduced through
the installation of screens on all windows and doors.

The mosquito population can be targeted through long-lasting modification
and manipulation of its habitats, particularly its larval breeding sites [163, 165].
The size of the population can effectively be reduced by hindering mosquitoes
from accessing adequate habitats. One way of achieving this is the mosquito-
proofing of water tanks and cisterns. The installation of a reliable water infra-
structure, however, is preferable since it can make the use of cisterns obsolete.
Independent of the mode of water supply it is important to regularly empty, clean
or remove other water containers such as plant pots, drinking bowls for animals
and any discarded objects which may function as a breeding site. Old tyres are
a prime example for such objects in urban settings. In general an improvement

of waste disposal practices helps with the reduction of larval breeding sites.

Chemical Control

The transmission of dengue can also be controlled by chemicals such as in-
secticides and chemical repellents [39]. There are two categories of insecticides
which target the mosquito at different developmental stages [165].

Larvicides are used to interrupt the growth cycle or kill mosquito larvae before
they can reach the adult stage. They are commonly applied to larval habitats
such as water tanks and also affect adult mosquitoes that come into contact with
them. A number of chemicals exist that can be used for mosquito control, even
for drinking water as long as the dosage does not exceed a critical value. The
majority of larvicides, however, can only be applied to non-potable water. Due
to the toxicity of all larvicides they should only be used sparingly and when
environmental methods are not sufficient for an effective vector control [165].

Adulticides, on the other hand, are chemicals used to kill fully developed mos-
quitoes. The spraying of surfaces in and around houses with insecticides that have
a long-lasting effect is known as residual treatment. In contrast the dispersion of
an insecticide into the air in the form of fog is referred to as space spraying. Dur-
ing large outbreaks this method is particularly useful due to its immediate effect
and the possibility of rapidly covering large areas if aerial spraying is carried out.

While insecticides are a powerful tool for the control of mosquito populations
they do have some flaws. All insecticides are toxic and should therefore be used

sparingly and under consideration of the damage they might cause to other species
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and the environment [14, 165]. Additionally there is a possibility of mosquitoes
developing a resistance to the chemicals. This has indeed already been observed
for a number of insecticides such as DDT which is no longer as effective in reducing

the number of mosquitoes as it once was.

Biological Control

The focus of control methods is gradually shifting from chemical to biological
control measures. This shift is due to the development of insecticide resistance
in Aedes aegypti mosquitoes and an increased awareness of environmental issues
[20].

Classical biological approaches for the control of mosquito populations revolve
around the introduction and maintenance of predatory species to larval habitats
[20, 165]. Such predators are, for example, certain species of small fish and cope-
pods which feed on the larvae of mosquitoes. Extracts from plants are another
capable and ecologically friendly means of reducing the mosquito population size
when used as insecticides and can also be used for the prevention of vector-host
contacts in mosquito repellents. Interestingly even other pathogens can be used to
control and prevent dengue infections [14, 20]. Some types of fungi, for example,
can act as insecticides for which resistance will take much longer to develop than
for classical chemical pesticides.

The most researched pathogen that shows a large potential for the control
of dengue outbreaks is a genus of bacteria called Wolbachia. In fact, different
Wolbachia strains offer a variety of control mechanisms due to their distinct effects
on the infected mosquito populations [14, 20, 171]. Many strains result in infected
mosquitoes having a reduced fitness either due to a shortened life-span or due to
a decrease in reproductive rate. In either case the result is a reduced population
size. Other species do not necessarily influence the mosquito’s fitness but instead
affect its ability to transmit dengue. Dependent on the strain the inhibition of
virus transmission can be almost complete. However, the potential risks and
benefits of a widespread Wolbachia introduction are not yet fully explored [20].

Another method of biological control that is being explored is the sterile insect
method, i.e. the release of a large quantity of sterile males into wild populations.
There are a variety of approaches for the sterilisation of mosquitoes such as chem-
ical agents and radiation. Genetic engineering can also be used to insert a lethal
gene into the mosquito population that can be repressed in the carrier but will
lead to inviable offspring in the wild.

Many of the biological control measures have the advantage of being less prone
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to induce a resistance in mosquitoes. An additional advantage is the possibility of
specifically targeting certain mosquito species. This is the case particularly with
the newer methods using genetically modified or sterilised males. However, even
with these promising biological methods the focus should remain on a sustainable

integrated vector management.

1.3.2 Vaccination

The most powerful tool in the prevention and control of infectious diseases is
widely considered to be vaccination [117]. Its biggest success story is undoubtedly
the complete eradication of smallpox on a global scale in 1977 [126]. This eradic-
ation was achieved due to an effect known as herd immunity, i.e. even individuals
who have not received the vaccination are protected due to the interruption of
the transmission in vaccinated individuals [13]. In the absence of a non-human
reservoir herd immunity eventually results in complete eradication. So far small-
pox remains the only disease for which this has been achieved but significant
advances have been made in the control of many other diseases. The number
of polio, measles and rubella cases, for example, could be decreased immensely
through the use of vaccines. In general vaccination has contributed to a decline
in infant and childhood mortality and reduced the economic burden infectious
diseases have on our society [13].

Naturally for a disease like dengue, which affects millions of people annually,
the possibility of vaccination must be considered. However, the existence of
four distinct but closely related serotypes and the limited knowledge regarding
their interactions have made the development of such a vaccine challenging [118].
Despite first steps towards a dengue vaccine being taken in 1945 it took scientists
decades of research and investments totalling over a billion dollars [61] to develop
vaccine candidates ready for large-scale human trials. Only in the last decade have
a handful of promising vaccine candidates reached clinical phase three trials. One
of these candidates — a tetravalent, live-attenuated, chimeric vaccine which was
developed by Sanofi Pasteur — was finally licensed under the name Dengvaxia for
the use in endemic countries in December 2015 [61, 118].

A safe and efficacious vaccine is expected to significantly decrease the burden
of dengue and may also help limit the spread of the virus. Dengvaxia therefore
is a promising control tool for dengue. However, the licensing of the first ever
dengue vaccine has not yet resulted in the hoped-for effect. Instead, a controversy
has ensued about its safety. The development, trial results and the controversy

surrounding Dengvaxia will be discussed in detail in the next section.
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1.4 Dengvaxia — The First Dengue Vaccine

72 years after the dengue virus was initially isolated the first vaccine against
the disease finally became available in 2015 [13, 61]. However, it took over 20 years
of research, huge financial investments and a number of clinical trials before this
point was reached and Dengvaxia could be marketed. The development process
and the results of several clinical trials which eventually led to the licensing of the
vaccine will be reviewed in this section. Additionally, the controversy that arose

shortly after its introduction will be outlined and its consequences discussed.

1.4.1 Development and Licensing

Dengvaxia, like any vaccine, has had to pass through a number of develop-
mental stages before its approval in 2015. Sanofi Pasteur, the manufacturer of
the vaccine, started the development of Dengvaxia in 1998 when the possibil-
ity of using a yellow fever vaccine strain as a backbone was proposed [60, 61].
Four recombinant dengue strains named CYD1-4 were constructed from wild-
type DENv1-4 strains and eventually combined into a tetravalent vaccine which
was referred to as CYD-TDV prior to being licensed as Dengvaxia [60]. What
followed was a lengthy process of pre-clinical and clinical trials in which the safety
and efficacy of the vaccine candidate had to be demonstrated.

Pre-clinical trials were carried out to demonstrate the phenotypic and geno-
typic stability of the vaccine strains and to asses the vaccine candidate’s ability to
induce an immune response. Additionally a number of theoretical risks had to be
evaluated. In particular the likelihood of vaccine strain transmission by mosqui-
toes, the reversion to virulence of the yellow fever backbone, the recombination of
the vaccine strains with wild-type strains and the possibility of vaccine-induced
ADE needed to be determined. During this early developmental stage the vac-
cine candidate was assessed in vitro on non-human and human cells and in vivo
on non-human primates only. A number of non-clinical safety studies were also
carried out to determine safety factors such as the toxicity of the vaccine. The
results from the pre-clinical phase indicated a satisfactory safety and immunogen-
icity profile for CYD-TDV and did not show any cause for concern relating to the
identified theoretical risks [60, 61]. However, with respect to ADE pre-clinical test
did not yield definite results and it was assumed that it would only be possible
to identify the risk for recipients due to ADE in later stages [60].

The results from the pre-clinical phase enabled the vaccine candidate to pro-

gress to the clinical development. In a first step small cohorts of volunteers in
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endemic and non-endemic countries were vaccinated and the immune response
and safety evaluated. These clinic phase one trials indicated that recipients de-
veloped antibodies to all four dengue serotypes after three doses of the vaccine
and that the ideal time between the individual doses was six months. In the
clinical phase two and phase three trials which followed larger trial cohorts were
therefore vaccinated at 0, 6 and 12 months. The main purpose of the phase two
and phase three trials was the assessment of the vaccine efficacy and safety un-
der actual disease conditions [61]. The safety and efficacy that was determined
for Dengvaxia as part of these trials will be discussed in more detail in the next
section. However, the outcome of the trials was positive and therefore resulted
in the approval of the vaccine in December 2015 [136].

Despite the licensing of the vaccine the clinical phase of the development is
still ongoing today. In particular the long-term follow-up of trial participants is
intended to be continued until up to five years after the last dose was administered
and further phase four trials will be carried out [61]. The aim of this continuous
evaluation is to determine the long-term efficacy and to detect any adverse events
that did not manifest in the trial cohorts but may become apparent once a large

number of individuals has been immunised with Dengvaxia.

1.4.2 Efficacy and Safety

The efficacy and safety of Dengvaxia was evaluated in a number of studies.
However, three clinical trials in particular are of interest as their results were
used to determine the efficacy and safety of the vaccine. Those trials are an
extended phase two trial with a study cohort of over 3,000 Thai schoolchildren
aged between 4 and 11 years (CYD57 trial, extended from CYD23 trial) [66, 129]
and two phase three trials with a combined study cohort of over 30,000 children
between the ages of 2 and 16 years from five different locations in the Asian-Pacific
region (CYD14 trial) [32] and from five Latin American countries (CYD15 trial)
[156]. For the CYD14 trial children between the ages of 2 and 16 years were
recruited, while for the CYD15 trial only those above the age of 9 years were
considered. In each of the trials the cohort was randomly divided into a vaccine
group and a control group at a ratio of 2:1 where the assignment was stratified
by age. An additional immunogenicity study was carried out for a subgroup of
participants. Participants in the vaccine group received three doses of Dengvaxia
at an interval of 6 months and active surveillance lasted until month 25 of the

trials.
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Efficacy

Hadinegoro et al. [66] evaluated the data that was collected during the CYD14
and CYD15 clinical trials to determine the efficacy of Dengvaxia. They found
that the effectiveness of the vaccine against virologically confirmed dengue is de-
pendent on a number of factors, namely the infecting serotype and the serostatus
and age of the recipient at baseline. The vaccine was found to be least effective
against infections with DENv2 and most effective against DENv4 if all recipients
were considered. However, for young recipients it was more effective against in-
fection with DENv3 than with DENv4. Independent of the age of the recipient the
vaccine performed better in seropositive than in seronegative individuals. This
effect was still influenced by age with a larger difference between younger indi-
viduals with or without previous infection than in older individuals. A summary
of these results is presented in Table 1.1. The efficacy is shown according to
the serotype or the serostatus of the recipient at baseline for individuals of any
age and for the two age-groups of 2-8 year-old individuals and 9-16 year-old
individuals.

The age and serostatus of the recipient at baseline are correlated with an
increase in the number of seropositive individuals at higher ages. This leads to
the question whether the higher efficacy in the older age group is indeed caused
by the age per se or whether the age is merely a surrogate for serostatus, i.e. the
higher efficacy is caused by more individuals of this age-group having experienced
a prior infection [61]. Potentially a combination of both the age and the serostatus
causes the observed efficacy profile of Dengvaxia. The age of the recipient may,
for example, influence the immune response due to the physiological development

at younger ages being incomplete [61].

Table 1.1: Vaccine efficacies for Dengvaxia by serotype or serostatus at baseline.
Efficacies are shown for all ages pooled and separately for ages below
9 years and 9 years and older as presented by Hadinegoro et al. [66].

Pooled 2—8years 916 years

According to serotype

DENv1 54.7% 46.6% 58.4%
DENv2 43.0% 33.6% 47.1%
DENv3 71.6% 62.1% 73.6%
DENv4 76.9% 51.7% 83.2%
According to serostatus

Seropositive 78.2% 70.1% 81.9%
Seronegative 38.1% 14.4% 52.5%
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Safety

The safety of the vaccine was determined in the CYD57, CYD14 and CYD15
trials during the active phase, i.e. 25 months after the last dose was administered
[32, 129, 156]. Dengvaxia was determined to be safe since in none of the trials an
increase in severe adverse events was recorded for participants in the vaccine group
compared to those in the placebo group. Additionally the clinical presentation
of individuals who became infected with dengue was either found to be similar
in the vaccine and control group [129, 156] or indeed milder in vaccine recipients
experiencing breakthrough infections [32]. Despite the promising safety profile
that was observed in the active phase of these trials the safety analysis was
intended to continue for up to 5 years after the last dose was administered.

Hadinegoro et al. [66] carried out an initial evaluation of this extended safety
follow-up in 2015 to determine the long-term safety of Dengvaxia. By this time
data covering years three and four for CYD57 and year three for CYD14 and
CYD15 were available. They found no overall differences of safety between the
vaccine and control groups in any of the trials that would indicate a safety concern.
Frequency of adverse events and clinical presentations in breakthrough infections
were similar for both cohorts. However, when a post-hoc analysis of the two
age-groups of participants below or above the age of 9 years was carried out
an increased risk of adverse events was observed for younger vaccine recipients
compared to the control group of the same age. The results from years three and
four of the CYDA57 trial indicated that this increase in severe adverse events may
only be observed for a short period. However, due to the much higher safety in
older recipients approval was eventually sought for the use in individuals above
the ages of 9 years only.

The licensing of Dengvaxia was highly impacted by the safety analysis of the
vaccine. This was the case despite a relatively limited indication for safety issues.
Due to a detailed post-hoc analysis of the vaccine safety in recipients of certain
age-groups the licence for Dengvaxia was only sought for children above the age
of 9 years. However, despite the post hoc analysis not all factors impacting the
safety in specific recipients could be analysed, particularly the effect of serostatus
was not easily evaluated. In fact, despite the age-restriction that was the result of
the safety analysis concerns were raised by a number of researchers shortly after
the licensing of the vaccine and eventually a controversy regarding the use of the
vaccine ensued. This controversy and its outcomes will be discussed in detail in

the next subsection.
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1.4.3 Controversy

The licensing of Dengvaxia in December 2015 was a promising step towards
reaching the goals the WHO set for the reduction of the global dengue burden.
However, first indications for safety concerns relating to the use of Dengvaxia
were noticed during the long-term follow-up of the CYD57 phase two trial [66].
During year three of this study an increased number of hospitalisations due to
virologically confirmed dengue was reported in younger vaccine recipients com-
pared to the individuals of the same age in the control cohort. Meanwhile, for
trial participants above the age of 9 years no safety risk was demonstrated.

Guy and Jackson [62] stipulated that the increased risk in breakthrough in-
fections in younger individuals may have been due to the serostatus rather than
the age of the recipient. Younger children are more likely not to have experienced
a prior infection at the time of vaccination. They argued that a wild-type dengue
infection in seronegative vaccine recipients is similar to a secondary type infection
and therefore more severe. While this may only be a temporary effect insufficient
data was available at the time to confirm or disprove an overall long-term risk in
this age-group. The vaccine was therefore licensed only for the use in individuals
above the age of 9 years.

The WHO [132] recommended the use of the newly licensed vaccine in en-
demic settings with at least 50% of the targeted population being seropositive. A
very high endemicity with a seroprevalence of 70% or more in potential recipients
was considered to be a good indicator for the use of Dengvaxia. However, they
also pointed out that the long-term follow-up of several clinical trials had shown
an increased number of hospitalisations and severe dengue cases in vaccinated
individuals compared to the control group. Table 1.2 presents the number of hos-

pitalisations and severe dengue cases as reported by the WHO [132] in April 2016.

Table 1.2: Number of hospitalisations and severe dengue cases in the vaccine and
control group by age and serostatus at baseline recorded during the
long-term follow-up of Dengvaxia trials [132].

Pooled 2—8years 916 years
Control Group
Seropositive 26,/988 11/236 15/752
Seronegative 9/377 5/173 4/204
Vaccine Group
Seropositive 16/2,027 9/481 7/1,546
Seronegative 24/712 17/330 7/382
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An increased risk for adverse events was therefore particularly high in seroneg-
atives below the age of 9 years. Consequently the WHO warned of possible risks
associated with the use of Dengvaxia in young children and only recommended
its use in individuals above the age of 9 years. They also noted that there is the
possibility of seronegative recipients experiencing an increased risk independent
of their age and called for further analysis of the long-term safety particularly for
seronegative recipients. They did not, however, limit their recommendation to
seropositives.

The recommendations of the WHO were quickly criticised by the wider research
community (e.g. [6, 38, 74]). Dans et al. [38] questioned the analysis based on
the age-groups altogether particularly with respect to the threshold at 9 years
and warned of the possible effects of vaccine-induced ADE. Other key questions
that were raised were whether the poorer performance of Dengvaxia in younger
individuals during the long-term follow-up of the clinical trials was due to the age
of the recipient per se or actually caused by their serostatus and whether vaccine-
induced ADE was to blame for this risk [4, 75]. By using the age as a surrogate
for serostatus the increased risk in older seronegatives was underestimated and
the possibility of an increased risk for seronegative recipients of any age was
not conclusively refuted. It was therefore argued that the vaccine should not be
administered to individuals with an unknown infection history.

Only a small number of trial participants had been tested for antibodies prior
to the administration of the vaccine [133]. Under the mounting pressure statist-
ical methods were used to infer the serostatus at baseline of all trial participants
to determine the risk seronegative recipients were exposed to due to vaccination
[133]. This post-hoc analysis confirmed an increased risk in all negative vaccine
recipients [139] and eventually resulted in a revision of the recommendation made
by the WHO [133] and a change of the vaccine’s label [135]. Despite this San-
ofi Pasteur and the WHO still argue that the overall population level benefit in
endemic settings with a very high seroprevalence amongst the targeted popula-
tion (at least 80%) could justify an increased risk in some recipients [133, 135].
Aguiar [2] strongly opposes this view on ethical grounds as no individual should
be put at risk by receiving the vaccine. The prevailing opinion is that Dengvaxia
should only be administered to seropositive individuals aged 9 years or above
after their serostatus was confirmed by a laboratory test. Indeed, this is the

current recommendation of the WHO [133].

This controversy is amplified by the fact that two large-scale vaccination cam-

paigns were already under way in the Philippines and in Parana State in Brazil
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by August 2016 [137, 138]. In total well over 1 million children and adults were
targeted as part of the two programmes. The national campaign in the Phil-
ippines was halted shortly after Sanofi Pasteur confirmed the possibility for an
increased risk in some recipients [43]. However, over 800,000 schoolchildren had
already received the vaccine by that point and it is assumed that 80,000 of them
are now at an increased risk for severe dengue [43]. The public opinion of vac-
cines against dengue and indeed vaccines in general suffered significantly in the
Philippines as a consequence of the hasty implementation of the campaign and its
subsequent discontinuation [92]. Policy makers and vaccine manufacturers have
a wide-reaching responsibility when it comes to the licensing and distribution of
vaccines. In the case of Dengvaxia, despite warning signs, these responsibilit-
ies may not have been fully considered. However, other vaccine candidates may
benefit from the controversy as it highlighted the need for a better analysis of the

serostatus of recipients.

1.5 Summary

In this chapter the current knowledge regarding the dengue virus and the
disease it causes has been presented.

A general overview of the virus was given and the spread and burden in the
different WHO regions was discussed. The symptoms and treatment methods
of dengue have also been reviewed. The absence of specific treatment methods
was noted. In fact, medical intervention usually consists of fluid replacement to
prevent dehydration and management of symptoms. However, a wide range of
symptoms can be observed which has led to a number of theories regarding the
cross-reactions of different serotypes and antibodies that were developed during
a previous infection. Some of these theories are commonly accepted, such as the
life-long type-specific immunity following recovery from an infection. However,
a possible cross-protection and its consequences are still being discussed. Most
notably the phenomenon of ADE has been used to explain the fact that most
severe dengue cases are recorded during secondary infections.

It was noted that in order to accomplish a significant reduction in disease bur-
den the prevention and control of dengue is of paramount importance. Mosquito
control methods were discussed in detail since historically they were the only
tool of controlling disease outbreaks and the spread of the virus to new regions.
However, significant advances towards a dengue vaccine have been made in the

past 20 years and cumulated in the licensing of the first ever dengue vaccine,
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Dengvaxia, in 2015. With promising safety and efficacy results in clinical trials
much hope was placed in this vaccine. In fact, it has been shown that the vaccine
is capable in aiding with the reduction of the dengue burden. However, safety
concerns in some recipients have resulted in a controversy and a careful analysis
of long-term data is necessary to determine the potential benefit of the vaccine
on an individual and population level.

Of particular importance in this chapter were the cross-reaction theories re-
lating to ADE and PCI which will be reconsidered in Section 3.4 to determine
the population level risk of dengue. Additionally the efficacy data and the data
relating to the relative risk according to serostatus as presented in Tables 1.1
and 1.2 will be used throughout this thesis for the determination of the optimal
vaccination age with Dengvaxia in Brazil. However, the increased risk in seroneg-
atives will not be considered in all simulations since a broad consensus regarding
this risk was only reached at the end of 2017. In Chapter 4 only optimal vac-
cination ages under the assumption of no vaccine-induced ADE will therefore be
considered, while in the following chapters the recent developments are included

in the assumptions.
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Chapter

Mathematical Background

2.1 Introduction

Mathematical models are a simplified representation of real world systems
and dynamics. They are used to describe and understand complex systems, to
predict the impact of changes on their dynamics, and to control or optimize the
outcome of a process. Today such models can be found in almost any discipline
including mathematical biology and epidemiology where they serve to understand
population dynamics and the spread of infectious diseases.

In this chapter the epidemiological modelling approaches that form the basis
for the following chapters will be presented. In particular the most important
techniques with respect to compartmental models are discussed and explained.
The use of the mass action law in epidemiological modelling was the first step
towards this type of model and will therefore be of particular interest. It is
the foundation for a multitude of Ross-MacDonald type models which describe
mosquito-borne infections today. With advances in the modelling techniques also
came a number of important concepts such as the basic reproduction number and
the force of infection which are paramount to epidemiological modelling. These
key concepts are presented as well.

Dengue is a mosquito-transmitted disease and therefore commonly modelled
with the help of Ross-MacDonald type models. However, a unique set of chal-
lenges is associated with the modelling of this particular disease and uncertainties
regarding its dynamics exist. A wide variety of research questions in combination
with these uncertainties have led to a range of different models. A discussion
of the most common dengue modelling approaches will therefore conclude this

chapter.
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2.2 Epidemiological Modelling

The first use of mathematical models in the understanding of infectious dis-
eases is commonly attributed to Daniel Bernoulli for his work on smallpox mortal-
ity in 1766 [21]. He used his model to show that inoculation against smallpox has
a positive effect on the life expectancy at birth. In 1911, almost 150 years later,
Ross [127] published his work on malaria control which paved the way for modern
mathematical epidemiology. The underlying theory for the compartmental model
he described in this seminal work is known as the mass action law. Ross’s model
was built upon by the likes of Kermack and McKendrick [88] and MacDonald
[97]. Certain compartmental models describing transmission dynamics of indir-
ectly transmitted diseases are now known as Ross-MacDonald type models due

to the impact Ross and MacDonald had on the study of vector-borne diseases.

2.2.1 The Law of Mass Action

One of the most important principles in epidemiological modelling is the law
of mass action. In a chemical context this law states that the rate at which
a reaction between two substances takes place is directly proportional to their
concentrations. Ross [127] implicitly applied this theory to epidemiology by as-
suming that the rate at which susceptibles become infected is proportional to the
rate at which they come into contact with the infectious agent.

There are two commonly adopted interpretations of this principle which are
referred to as pseudo and true mass action [19, 104]. By denoting the number of
susceptible and infected individuals at time ¢ by Sg(t) and Iy (t) and the total
number of humans by Ny (t), the number of newly infected individuals per unit

of time dt are given by

Iy(t)

B lu(t)Su(t)dt and Sy Noa (1)

S(t)dt (2.1)

respectively for the two interpretations assuming a direct transmission of the
disease. B4 and Sy are both transmission constants that describe the probability
that a contact between a susceptible and an infected individual occurs and that
such a contact results in transmission. The probability of transmission during
contact is the same in both cases. However, in the case of pseudo mass action
the contact rate is assumed to increase as the total population density increases,
whereas for true mass action it is assumed that this rate does not dependent

on the density of the population. Consequently 7, and Sy differ. Based on
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the underlying assumption relating to the contact rate it has been suggested
that density-dependent transmission and frequency-dependent transmission more
adequately capture the nature of the modelled dynamics than pseudo and true
mass action [19].

Many directly transmitted diseases can be modelled with a density-dependent
transmission term. However, some directly transmitted infections, particularly
sexually transmitted diseases, are more suitably modelled with a frequency-
dependent transmission term. Vector-transmitted diseases should also be mod-
elled using a frequency-dependent approach [104]. In particular the rate of con-
tact between susceptible humans and infectious mosquitoes must be independent
of the host density to ensure that the transmission depends on the likelihood
that a vector has had a prior contact with an infected individual. The contact
rate in the mosquito population must depend on the probability of contacting an
infected human but not on the mosquito density. Thus the law of mass action,
when frequency-dependent transmission is considered, yields the number of newly

infected humans and mosquitoes per unit of time dt as

I (t)
Ny (t)

Iy (t)
Ny (t)

Bu Sy (t)dt and Bur Sy (t)dt (2.2)
respectively. Here Ng(t), Sg(t) and Iy (t) denote the number of humans, the
number of susceptible humans and the number of infected humans respectively
and Sy (t) and I (t) similarly denote the number of susceptible mosquitoes and
infectious mosquitoes. Sy denotes the transmission rate between infectious mos-
quitoes and susceptible humans and (;; that between infected humans and sus-
ceptible mosquitoes, both of these are based on constant contact rates.

The use of this theory in epidemiological modelling paved the way to mod-
ern mathematical epidemiology. However, it is important to recognise that this
principle is based on homogeneous mixing in the studied population [145]. By
applying the law of mass action the underlying assumption for the mathematical
model is that all susceptible and infected individuals are equally likely to meet
(or get in contact with a vector) and that every individual is equally likely to
contract or transmit the disease during such an encounter. This is a simplifying
assumption and does not necessarily describe every disease or population realist-
ically. Nonetheless, models that are based on the principle of mass action, such
as Ross-MacDonald type models, can provide valuable insights into transmission

dynamics [17].
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2.2.2 Ross-MacDonald Type Models

Classical Ross-MacDonald type models describe the transmission of vector-
borne diseases through a set of ordinary differential equations. The populations
of humans and vectors are divided into several compartments which correspond
to different states of infection, such as susceptible, exposed, infected or recovered.
For his malaria model Ross [127] proposed susceptible and infected compartments
for each of the populations. However, other researchers later extended the number
of compartments for both populations. MacDonald [97] was the first to include
an exposed or latent state for the mosquito population based on biological obser-
vations showing that mosquitoes which are exposed to the malaria parasite only
become infectious after a short period of time. Compartments for exposed or lat-
ent and recovered humans were also added to some models [98]. The inclusion of
further compartments increased the accuracy of the malaria model, but even with
Ross’s model the basic dynamics could already be captured. For other diseases
certain compartments are necessary to adequately describe the dynamics. For
a single-serotype dengue model, for example, the lifelong type-specific immunity
can only be captured by including a recovered compartment in the human popu-
lation. Independent of the number of compartments the underlying theories and

assumptions are often very similar.
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Figure 2.1: Hlustration of a Ross-MacDonald type model with compartments for
susceptible, infected and recovered humans and susceptible, exposed
and infectious mosquitoes.



Consider the Ross-MacDonald type model that is illustrated in Figure 2.1.
The human and mosquito populations are each divided into three compartments,
namely susceptible, infected and recovered or immune for humans and susceptible,
latent and infectious for mosquitoes. The total number of individuals in each
species is obtained as the sum of the individuals at all three stages of infection.

First consider the human population. The number of susceptible humans at
time ¢, Sy (t), changes as new individuals are born into the compartment, suscept-
ibles become infected or leave the compartment upon their death. The number of
infected humans Iy (t) increases due to newly infected individuals recruited from
the susceptible compartment but decreases due to recovery from infection and
death. The number of recovered humans, Ry (t), consequently increases as infec-
ted individuals recover and decreases due to the death of recovered individuals.

1, the rate at which humans die, is constant and equal for all compartments.
No additional deaths are assumed to be caused by the disease. Generally Ross-
MacDonald type models tend to assume a constant population size. In order
to achieve this the birth rate for the human population also needs to be given
by pg. In the model depicted in Figure 2.1 all newborns are recruited into the
susceptible class, i.e. the disease is not transmitted vertically and antibodies are
not passed on from the mother to the child.

Susceptibles become infected according to the law of mass action. For vector-
transmitted diseases a frequency-dependent transmission is commonly assumed
[104], i.e. the number of newly infected individuals per unit of time is given by

N
susceptible humans and infectious mosquitoes occurs. Once infected, individuals

15} H%S 1 (t) dt where [y is the per capita rate at which transmission between

are assumed to recover at a constant rate yy. Recovered individuals leave the
recovered compartment only when they die so that a disease without waning im-
munity or the possibility of reinfection is described by the model. The governing

equations for the human population shown in Figure 2.1 are therefore given by

O‘iH = uNu(t) — B ]]VA; ((’;)) Su(t) — prSu(t),

dig — , Iu(t) _ _

rral BHNH(t) SH(t) ’YHIH(t) UHIH(t)v (2 3)
dthH = yulp(t) — pgRu(t),

Np(t) = Sp(t) + In(t) + Ry (t).
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For the mosquito population the size is also assumed to be constant in time.
Vertical transmission is not considered to take place in the model shown in Fig-
ure 2.1. Again the disease does not have any impact on the death rate which is
given by gy for all compartments. The number of susceptible mosquitoes Sy (%)
increases by Ny (t) dt mosquitoes in a small time interval of length dt¢ to en-
sure a constant population size. The law of mass action is again applied with a
frequency-dependent transmission. (s therefore denotes the rate of transmission
from infected human to susceptible mosquito. However, mosquitoes do not im-
mediately transmit the virus once they contract it. Instead, once a mosquito has
been infected it will only start transmitting the virus after an incubation period
7. Therefore only exposed mosquitoes that survive this latency period become
infectious, i.e. the number of newly infectious mosquitoes per unit of time is given
by e #MT 3 M%SM@ — 7)dt. Infectious mosquitoes only leave the compart-
ment once they die. This is attributed to the short life-span of mosquitoes. Hence

the mosquito population is mathematically described by

ddsf = N (t) — ]%SM@) — S (1),

dLy In(t) e g, At —7)

T A T S D kO
dd[?/[ — e_MMTﬁMmSM(t — T) — ,uM]M(t),

Na(t) = Sp(t) + L (t) + Ly (t).

The model given by Equations (2.3) and (2.4) is a fairly simple model based
on the work of the early mathematical epidemiologists MacDonald [97], Ross [127]
and Kermack and McKendrick [88]. However, much more complicated compart-
mental models have been derived since the introduction of the Ross-MacDonald
type models. Some models, for example, consider variable population sizes or
environmental factors that influence the transmission dynamics [145]. Anderson
and May [11] further adapted the previous models by Ross and MacDonald to
include additional compartments and an age-dependence in the acquisition of in-
fection. This age-dependence in the rate of new infections at least slightly relaxes
the homogeneous mixing assumption but makes it necessary to consider partial
differential equations and integro-differential equations. Independent of the type
of differential equations used to model the dynamics, the two species are always

modelled with a compartmental structure.
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2.2.3 Key Concepts

Some key concepts of mathematical epidemiology can be determined for all
Ross-MacDonald type models, independent of their complexity. The two most

important ones are the basic reproduction number and the force of infection.

The Basic Reproduction Number

Ross’s [127] work on malaria is considered pioneering in terms of disease con-
trol. This is due to one of the key results Ross arrived at by analysing his model,
namely the existence of a threshold quantity below which malaria can be eradic-
ated from the population. Prior to this discovery it was widely believed that for
eradication of malaria the complete eradication of its vectors is necessary. Ross’s
result, however, indicated that reducing the number below a certain level is suffi-
cient to prevent the spread of malaria. MacDonald [97] referred to this quantity
as the basic reproduction rate.

The basic reproduction rate or basic reproduction number is typically de-
noted by Ry and defined as ‘the number of secondary cases one typical infectious
individual produces during his or her entire infectious period in a completely sus-
ceptible population’ [77]. The importance of the basic reproduction number for
mathematical epidemiology arises from its threshold property. Usually we find
that the disease will eventually die out if Ry < 1, while for Ry > 1 the disease
will spread in the population. This quantity is therefore particularly relevant for
the evaluation of control methods.

The basic reproduction number depends on the underlying assumptions of
a model. However, it is often possible to intuitively derive a simple expression
for Ry by considering the transmission dynamics. This will be done for an age-

dependent dengue transmission model later on in this thesis (cf. Section 3.2.3).

The Force of Infection

Another significant quantity in epidemiological modelling is the force of infec-
tion which is the per capita rate at which susceptible individuals become infected
[77]. Clearly the force of infection depends on whether density-dependent or
frequency-dependent transmission is assumed. Most commonly the force of in-
fection is denoted by A(t). It was proposed as an important parameter by Hens
et al. [77] only in 1934 despite being included, albeit implicitly, in the models of
Ross and Kermack and McKendrick.

35



For a directly transmitted disease the force of infection based on density-

dependent and frequency-dependent transmission are obtained as

Iy(t)
Nu(t)

Ny () = By g (t) and Mg (t) = Bu (2.5)
respectively. On the other hand, for models of vector-transmitted diseases like
that presented in Equations (2.3) and (2.4) there are in fact two distinct forces
of infection, the force of infection in the human population, Ay (t), and the force

of infection in the mosquito population, Ays(t). They are analogously given by

Iy (t)
N (t)

)\H(t) = Bu and )\M(t) = Bu

T (t) (2.6)

Nu(t)

if the mass action law is applied with a frequency-dependent transmission.

The force of infection can often be estimated more directly than the basic
reproduction number [77]. If the transmission dynamics are not assumed to be
age-dependent an approximation can, for example, be obtained from the average
age of infection, A, through the relation A = 1/A [11]. The force of infection is
also considered to be of paramount importance since knowledge about it makes

it possible to estimate all other model parameters.

2.3 Modelling Dengue

There are a large variety of mathematical models that describe the trans-
mission dynamics of dengue based on the classical Ross-MacDonald type model.
A simple, deterministic Ross-MacDonald type model describing the human and
mosquito population is often extended through additional compartments in one
or both populations. Which compartments are considered for a specific model
depends on the research question that is to be tackled with its help. In addition
to this, Ross-MacDonald type models can be adapted to consider more com-
plex aspects of dengue transmission. Common examples are the incorporation
of a stochastic component in the transmission dynamics and the consideration of
age-structure in the human population.

The different Ross-MacDonald type dengue models can, in fact, be classified
according to a number of typical characteristics. Andraud et al. [12] and Johans-
son et al. [85], who reviewed a number of dengue models, found dengue to be
more frequently modelled deterministically than stochastically so that determ-

inistic models will be the main focus in this section. For dengue models one of
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the most important distinctions is whether the model describes the transmission
of a single-serotype only or explicitly models the interactions between multiple

serotypes.

2.3.1 Single-Serotype Models

Single-serotype models do not necessarily describes a specific dengue serotype.
Instead they are often used to model dengue in general without making any
distinction between the different serotypes (e.g. [50, 102]). However, not all single-
serotype models follow the structure of the simple model presented in Figure 2.1.
There are a number of different refinements that lead to much more complex
models.

One typical alteration is to represent the mosquito population in more detail
[12]. Models with a higher number of mosquito compartments are typically used
to evaluate the effect of vector control strategies. It is, for example, necessary
to model the larval stages of the mosquito population explicitly if the aim is to
determine whether larvicides can reduce the number of dengue cases. However,
such models are also useful to detect the effect of environmental changes. Andraud
et al. [12] identified further complexities that were introduced and studied with
the help of single-serotype models. Those include, but are not limited to, the
seasonality of the transmission dynamics and alternative transmission routes,
e.g. vertical transmission in the mosquito population.

Erickson et al. [46] and Chen and Hsieh [36] both aimed to determine the
importance of temperature on the outbreak dynamics of dengue and thus included
pre-adult mosquito compartments in their models. However, the two models are
widely different. Erickson et al. [46] explicitly described six life-stages of the
mosquito, three pre-adult stages (eggs, larvae, pupae) and three stages of adult
mosquitoes (immature, gestating, reproducing). Only blood-feeding mosquitoes,
i.e. gestating and reproducing adults, were further subdivided into susceptible,
exposed and infectious mosquitoes. The model by Chen and Hsieh [36], on the
other hand, only extended the simple model shown in Figure 2.1 by two pre-adult
mosquito compartments. These compartments did not represent different life-
stages but rather separated all pre-adult mosquitoes into infected and susceptible
depending on whether an egg was laid by an infectious mosquito or not. Chen
and Hsieh [36] thus included vertical transmission of the virus in the mosquito
population. This difference in the two models is due to the studied regions. Chen
and Hsieh [36] used their model to evaluate the temperature effects in subtropical

Taiwan where transovarial transmission has been observed, while Erickson et al.
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[46] studied the dynamics at the border between the United States and Mexico
where it is believed that the climate does not facilitate this transmission route.
Despite the differences both models were able to demonstrate that temperature

does indeed significantly impact the transmission of dengue.

In addition to or instead of refining the representation of the mosquito pop-
ulation, the human population is also sometimes subdivided further than into
the number of susceptible, infected and recovered. Clearly the incorporation of
vaccination can be achieved by introducing an additional compartment for vaccin-
ated individuals. However, even if vaccination is not considered, the description
of the human population can be refined. Indeed, Andraud et al. [12] found that
some researchers have divided the population into different age-classes to study
the age-structure of infected individuals. Commonly two age-classes are con-
sidered to differentiate between adults and younger individuals [121, 150]. This
is due to dengue being considered a childhood disease, i.e. infections occur much
more frequently among children than among adults. By separating the human
population into juveniles and adults the differences in transmission can be incor-
porated and their effect studied. Modelling age-densities is also not uncommon
and particularly useful for the evaluation of vaccination campaigns. Considering
age-densities rather than age-classes can make the evaluation of the model more
complicated. However, it also permits a much more detailed look at the effects
related to age. For vaccination this is particularly important since the exact
vaccination age has a large impact on the outcome of a vaccination campaign.

Another common adaptation to the simple model shown in Figure 2.1 is the
differentiation between certain groups in the human population. Amaku et al.
[7], for example, modelled a population by dividing it into sub-populations which
each inhabit a certain district but may occasionally move between them. By
doing so they were able to demonstrate the importance of movement and spatial
heterogeneity. In addition they considered seasonality and were thus able to
reproduce and predict dengue patterns observed in previous outbreaks. They
also showed that the simple Ross-MacDonald model is able to capture some key
aspects of dengue transmission, e.g. the total number of cases can be correctly
predicted even without these complexities.

Instead of considering populations according to different neighbourhoods, an-
other common differentiation is to divide the population into locals and visitors.
Such models can help to determine the risk of dengue spreading to and within
countries that are so far non-endemic as well as determine the risk to travellers

themselves. This is an important area of research, particularly in light of the fast

38



mode of travel that aeroplanes provide, the large number of tourists travelling to
and from endemic regions and the changing climate which creates new habitats
for dengue transmitting vectors. Lopez et al. [95] and Massad et al. [100] used
fairly simple single-serotype models of dengue to study the risk of virus importa-
tion. Massad et al. [100] were able to predict the risk for a number of European
countries and highlighted the importance of further research. While these simple
models give a first indication of the risk, Lopez et al. [95] correctly point out
that deterministic models have their limits. This is especially important when
considering the risk of importation, as a random introduction of a high number
of infected individuals under the right conditions may lead to a much higher risk.
Ximenes et al. [170] separated the human population into locals and visitors to
study the risk to the travellers themselves at events that draw a large crowd of
foreigners to affected areas. Specifically they used a simple model based on the
one shown in Figure 2.1 to determine the number of infections to foreign visitors
at the Rio Olympics in 2016 and showed that their model predicted reasonable
numbers by comparing the results to data from a similar event, i.e. the World
Cup hosted by Brazil two years earlier.

Massad et al. [101-103] also used the simple model which was presented
earlier in this chapter to study the risk of other mosquito-borne diseases such as
yellow fever spreading in dengue-infested areas or to determine important aspects
of dengue transmission such as the basic reproduction number or the size of the
mosquito population. Despite its simplicity it can therefore be seen how many

applications this model has, particularly with some small alterations.

In general single-serotype models are easier to analyse than multi-serotype
models that consider the populations in the same amount of detail. The reason
for this is that they do not capture any of the cross-reactions that have been
observed for the four dengue serotypes (cf. Section 1.2) and thus require the
modelling of fewer compartments overall. In order to study the effect of the

cross-reactions on the transmission of dengue multi-serotype models are needed.

2.3.2 Multi-Serotype Models

Multi-serotype models can quickly become very complicated if a large num-
ber of human and mosquito compartments is considered. The transmission of
dengue is therefore frequently modelled as a directly transmitted disease, i.e. the
mosquito population is not explicitly considered [12, 85]. Modelling dengue as a

quasi-directly transmitted disease simplifies the analysis significantly and may be
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sufficiently realistic to capture important aspects of the transmission process if
the considered time-scale is short and the population of mosquitoes dense enough.
Additionally in multi-serotype models the number of serotypes is often restricted
to only two distinct types as it has been noted that the four serotypes demonstrate
pairwise similar characteristics [12, 33]. Similarly to the assumption of the disease
being quasi-directly transmitted this simplification reduces the overall number of
compartments significantly and makes the model analysis much easier.

Multi-serotype models and single-serotype models often tackle similar research
questions. Models describing several serotypes may therefore include any of the
previously named refinements. However, the most important aspect of the trans-
mission dynamics that these models aim to shed some light on are the possible
serotype and antibody cross-reactions. The cross-reaction theories were described
in detail in Section 1.2. In summary it has been observed that individuals are pro-
tected against all dengue serotypes after recovery for a short period of time, that
once this cross-protection wanes ADE causes more severe dengue fever cases and
that two heterologous infections confer PCI since very few individuals experience
symptoms in third and fourth infections. The study of multi-serotype models has
furthered the understanding of the serotype and antibody cross-reactions and
provided some insight into other aspects of the dengue transmission dynamics.
For example, one of the key outbreak characteristics that have been captured
by these models is the multi-annual cycle in which the predominant serotype is
replaced that cannot be easily captured with a single-serotype model.

Andraud et al. [12] found that the cross-reactions are usually modelled by
assuming an increased or reduced transmission potential or a higher or lower sus-
ceptibility to infection. In particular a higher transmission potential and higher
susceptibility to infection is associated with ADE. On the other hand, cross-
protection is described by previously infected individuals transmitting the virus
at a lower rate or being less susceptible to a further infection. Note that the
increased risk of experiencing severe symptoms due to ADE for the infected in-
dividual is not explicitly included if these methods are used, instead the higher
virulence in secondary infections is assumed to have a direct effect on the trans-
mission dynamics. Similarly the effect of PCI is considered for the entire popu-
lation, i.e. individuals who have been previously infected by two serotypes will
no longer contribute to the transmission cycle at the same rate as others but the
higher likelihood of mild infections for them may not be modelled explicitly.

Esteva and Vargas [47] studied a model incorporating ADE and short-term

cross-immunity through different rates of infection for individuals who have ex-
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perienced one prior infection with a heterologous serotype. In particular they
assumed that short-term cross-immunity corresponds to a reduced rate of infec-
tion and ADE to an increased rate of infection. However, by studying the possible
cross-reactions in this way they did not allow for the possibility of both ADE and
short-term cross-immunity to influence the dynamics at once. A number of more
complex models have been derived (c.f. [85, 109]) which incorporate both cross-
reaction types in different ways. Indeed it is possible to model the effects on the
infected individual due to ADE and short-term cross-immunity explicitly in addi-
tion to considering a reduced or enhanced transmission potential and susceptib-
ility. Short-term cross-protection, for example, can be modelled by an additional
compartment with a lower transmission potential and no susceptibility which in-
dividuals leave at a constant rate to become completely susceptible again. ADE
can also be considered by modelling a compartment for individuals with a sec-
ondary infection with an enhanced susceptibility and transmission potential but
also a higher rate of mortality to account for the more severe outcome observed
for these individuals [85]. By using these approaches to include cross-reaction
scenarios in a dengue model it is possible to study the effect of either one or both
playing an important role. Johansson et al. [85] compared a number of dengue
models which aim to improve our understanding of antibody cross-reactions and
thus found that short-term cross-immunity is a driving force behind the temporal
characteristics of dengue outbreaks. ADE, on the other hand, does not seem
to have such a large impact. However, Nagao and Koelle [109] demonstrated
that temporal patterns are reproduced most accurately by a combination of ADE
and short-term clinical cross-immunity, i.e. if the cross-immunity prevents clin-
ical symptoms but not sero-conversion. Considering these contradictory results
it is clear that more research into dengue cross-reaction dynamics is still needed.
Multi-serotype models will be indispensable in determining the real forces behind

the observed cross-reactions.

2.3.3 The Effect of Vaccination

Both single-serotype and multi-serotype models have been used to analyse the
effects of vaccination on the transmission dynamics of dengue or their impact on
the burden the disease causes [12, 85]. The two most common ways of incorpor-
ating the effect of a vaccine are to explicitly model a vaccinated compartment
or to assume that vaccinated individuals behave the same way that recovered or
immune individuals do. Vaccination is often not 100% effective and immunity

may in some cases wear off over a period of time. The imperfection of the vaccine
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can be incorporated both in an explicitly modelled vaccinated compartment and
if vaccinated individuals are included in the recovered compartment. However,
waning immunity cannot easily be considered if the vaccinated individuals are
not explicitly modelled.

There is still a lack of sufficient data concerning the long-term effectiveness
and duration of immunity that dengue vaccines confer. However, a number of
models have attempted to determine the consequences of vaccination campaigns
[12, 85]. Coudeville and Garnett [37], Knipl and Moghadas [90] and Ferguson
et al. [51] all used multi-serotype models to determine the effect of vaccination
in different populations. Coudeville and Garnett [37] and Ferguson et al. [51]
each considered models which described all four dengue serotypes, whereas Knipl
and Moghadas [90] considered two serotypes only. The overall agreement that
resulted from the study of dengue vaccination models is that the number of cases
can generally be reduced. In fact it has been found that the effect increases with
the intensity of transmission, i.e. in high-transmission settings vaccination will
be most beneficial. However, in the presence of ADE vaccination has been found
to potentially cause more severe dengue cases especially if the vaccine-induced
immunity does not last for the entire lifetime of an individual [90, 109]. This
seems to be particularly true in low-transmission settings [51]. In fact, Aguiar
et al. [3] have used a Ross-MacDonald type model to show that vaccination can
be harmful in seronegative recipients independent of the transmission intensity.
Coudeville and Garnett [37], Knipl and Moghadas [90] and Ferguson et al. [51]
did not differentiate between seronegative and seropositive recipients. However,
the lower probability of vaccinating seropositives in a low-transmission setting
compared to a high-transmission setting explains the reduced benefit in these
settings. Even before the controversy that arose after the first dengue vaccine
was introduced and after a number of researchers challenged the benefits of it, it
was believed that a successful vaccine candidate must protect equally against all
four serotypes in order to prevent a surge in severe dengue cases. Mathematical
modelling of dengue vaccination has reinforced this belief and has even led to the

reconsideration of vaccine recommendations [133].

2.3.4 Individual-Based Models

Not all dengue models are Ross-MacDonald type models. In recent years
dengue has also sometimes been modelled using models known as individual-
based models or agent-based models [82, 86, 96, 120]. The underlying idea for

individual-based dengue models is in fact very similar to that of Ross-MacDonald
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type models, i.e. individuals progress through different stages of infection through-
out their lifetime. However, the difference is the level at which the population
is modelled and thus the detail which is considered. Ross-MacDonald type mod-
els are population-level models which neglect to account for differences between
the individuals of the population and thus permit the study of the overall beha-
viour of a population. They generally assume homogeneous mixing and need to
be adapted significantly to relax this assumption. Individual-based models, on
the other hand, explicitly model each individual of a population and thus make
it possible to incorporate individual attributes and behaviours, as well as spa-
tial structures. The assumption of homogeneous mixing can therefore be relaxed
significantly with this type of model.

There are a number of examples of individual-based dengue models, e.g. [82,
86, 96, 120]. Two fairly recent models of this type are those derived by Lourengo
and Recker [96] and Perkins et al. [120]. While similar aspects were considered for
the individual-based model in both studies, the main objectives of the research
were fairly different.

Lourengo and Recker [96] used an individual-based model to asses the impact
of a tetravalent dengue vaccine in a setting in which all four serotypes coexist.
In particular they focused on describing heterogeneities caused, for example, by
the movement of humans and mosquitoes or the different frequencies with which
individuals get bitten even in the same location. They found that the biological
uncertainties are a key factor that determines effectiveness of the vaccine and that
the assessment of dengue vaccines solely with respect to symptomatic infections
may not be sufficient to determine its benefits and risks.

Perkins et al. [120] did not consider vaccination, but rather focused on the
spatial-temporal dynamics of dengue in their research. Their model described
the contact between humans and mosquitoes with a stochastic component, in-
cluded seasonality in the mosquito population and explicitly modelled differences
between certain communities within the overall population. By doing so, they
show that the spatial-temporal dynamics of dengue, i.e. oscillatory behaviour and
predominance of a certain serotype, are not only due to serotype cross-reactions

but highly influenced by host demographic factors and vector ecologies.

2.3.5 Simplicity versus Accuracy

Even a very simple model can often give a good initial indication for the
actual behaviour of transmission dynamics. Amaku et al. [7] demonstrated this

for dengue when they compared the results obtained from a more complex model
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with spatial heterogeneity and seasonal variations to those obtained from the
simple model presented in Figure 2.1. While a simple model may not capture all
characteristics, it is able to predict certain aspects of the transmission process
fairly accurately and is easy to analyse. It is therefore not surprising that the
fairly basic Ross-MacDonald type model is still widely used (sometimes with
small alterations) to answer important research questions. However, in all areas
of mathematical modelling it is crucial to describe a dynamical system accurately
enough to capture all relevant aspects of the dynamics without making a model so
complex that it can no longer be analysed. Finding a balance between simplicity
and accuracy is one of the key challenges when it comes to the modelling of
dengue transmission and vaccination.

The simpler a model is, the easier it is to both understand and analyse the
model and its results. However, if it does not capture enough of the details of the
dynamics the results will be of very limited value. On the other hand, if a model
is so complex that it cannot be adequately analysed, the model itself will not be
useful to answer any research questions. However, not every research question
can be answered with the same model. Specific questions require a more complex
model to be able to incorporate the studied aspects. It is further important to
keep in mind that the more complex a model gets, the more parameters need
to be determined. Some parameters may be found through experiments in the
field or laboratories, while others may have to be obtained by fitting the model
to previously collected data. This may therefore be a limiting factor when de-
riving a new, complex dengue model. In fact, the limited knowledge of specific
parameters relating to the behaviour and characteristics of individuals or pop-
ulations is also one of the reasons why population-based models like the Ross-
MacDonald type one are still more frequently used than individual-based models.
For population-based models it is sufficient to determine the overall behaviour,
whereas for individual-based models the differences in behaviour and character-

istics need to be known.

2.4 Summary

In this chapter the mathematical concepts that most modern dengue models
rely on have been introduced. In particular the mass action law and its two differ-
ing interpretations were discussed. Dengue models are most commonly modelled
assuming a frequency-dependent transmission with the total human population

size as a normalising constant. Indeed, the law of mass action is the underlying
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assumption of most compartmental models in epidemiology. It was first used for
vector-transmitted diseases by Ross [127]. Due to the significant improvements of
Ross’s model by MacDonald [97] compartmental models of vector-borne diseases
are often called Ross-MacDonald type models. One such model with three com-
partments each for the human and mosquito population was explained in detail.
All Ross-MacDonald type models share some key concepts that are modelled or
can be derived from the model equations, namely the force of infection and the
basic reproduction number. Their significance in epidemiological modelling was
therefore highlighted as well.

Summaries of single-serotype dengue models and multi-serotype dengue mod-
els were given which make use of the previously discussed modelling approaches.
Some important research questions were briefly highlighted for both types of
models. The effect of vaccination is a common and important topic of dengue re-
search. Different approaches of modelling the possible effects in Ross-MacDonald
type models were outlined. In addition to the Ross-MacDonald type models
which are most commonly used to describe the transmission dynamics of dengue,
the approach of individual-based dengue models was briefly introduced and two
recent examples discussed. Finally, the reasons for such a wide variety of dengue
transmission and dengue vaccination models were highlighted. One of the main
reasons is that different research questions require a more detailed look at certain
aspects of the transmission dynamics and thus a more complex model. In addi-
tion there is always a need to find a balance between accuracy and simplicity so
that models and results can be analysed.

The mathematical concepts that were introduced in this chapter will now be
used to derive a modelling framework with which the optimal vaccination age
for dengue can be determined. In particular a single-serotype model similar to
that presented in Figure 2.1 will be developed. Despite modelling dengue with a

single-serotype model the serotype cross-reactions will be taken into account.

45



Chapter

Modelling Framework

3.1 Introduction

This chapter will introduce the modelling framework which is used through-
out Chapters 4 to 6 in a general way. Specifically a single-serotype transmission
model with an age-dependent force of infection for the human population and a
general age-dependent human death rate is presented, analysed and an expression
for its basic reproduction number is derived. The steady-state age-densities of
unaffected, infected and recovered humans are determined along with the steady-
state force of infection. Subsequently the lifetime expected risk for dengue is
defined based on the hospitalisation risk or the lethality due to dengue in Brazil.
The definition of the lifetime expected risk is adapted from that given by Heth-
cote [79] for measles to allow for several coexisting serotypes and further includes
the survival probability of humans to prevent overrating the high risk associated
with infections at older ages. The lifetime expected risk will be used to consider
a number of different cross-reaction assumptions through modifications of the
risk functions. The undesirability in terms of severe dengue as associated with
hospitalisation or lethality in the pre-vaccine era is obtained from data collected
by SINAN. In light of recent vaccine trial results the consensus regarding the pos-
sibility of a vaccine-induced risk has changed. Initially it was believed that there
is no vaccine-induced risk. However, it is now believed that a vaccine recipient
can experience a higher risk during break-through dengue cases depending on
their serostatus at the time of vaccination (cf. Section 1.4.3). Therefore relative
risks for different infection and vaccination histories are derived and incorporated
in the lifetime expected risk at the end of this chapter. The theoretical results
from this chapter are finally used in Chapters 4 to 6 for slightly different model

assumptions.
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3.2 A Single-Serotype Dengue Model

In order to evaluate any vaccination strategy a mathematical model describ-
ing the transmission dynamics of dengue and the effect of vaccination must be
derived. The complexity of such a model can vary significantly particularly in
view of the coexistence of the four distinct dengue serotypes and the complicated
cross-reactions between them as mentioned in Section 2.3. By assuming inde-
pendent transmission dynamics for the four serotypes it is possible to model the
dynamics for each of them using a single-serotype model. This has the advant-
age of making both the analytical and numerical analysis of the model easier.
A single-serotype model also relies on fewer parameters than a multi-serotype
model which can be favorable in the absence of sufficient serotype-specific data.
However, any simplification comes at the cost of accuracy, i.e. the model is only
an approximation of the real transmission dynamics. A single-serotype model
can nonetheless be considered a reasonable approximation since the interactions
that influence the transmission of the different serotypes such as ADE and tem-
porary cross-immunity are mainly short-term effects. A Ross-MacDonald type
model is therefore introduced describing the interactions between humans and
mosquitoes for each serotype separately. The model equations for the human
population describe age-densities rather than total numbers so that the effect of
vaccination at different ages can be considered by modelling a three-dose vaccin-
ation schedule implicitly through matching conditions. Following the description
of the model the steady-state dynamics are analysed and an expression for the

basic reproduction number Ry is derived.

3.2.1 Transmission Model with Vaccination

Dengue gets transmitted from mosquitoes to humans and vice versa. A typ-
ical way to describe such a transmission cycle is a Ross-MacDonald type model
which assumes that both mosquitoes and humans progress through a series of dif-
ferent stages during their lifetime, such as ‘susceptible’, ‘exposed’, ‘infected’ and
‘recovered’. The transition from one stage to the next depends on assumptions
specific to each population.

In the mosquito population all mosquitoes are assumed to be initially suscept-
ible, i.e. there is no vertical transmission. The larval stages are omitted since vac-
cination will have no effect on these stages and only adult mosquitoes transmit the
virus. A susceptible mosquito which feeds on an infected human is exposed to the

virus with probability ¢ but will only become infectious after a latency period 7.
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During this latency period the newly exposed mosquito cannot transmit the virus
to humans, but once the latency period has passed the mosquito becomes infec-
tious. The virus does not influence the death rate pj; of mosquitoes and also has
no effect on the biting rate ¢(a) with which humans of age a are bitten by mos-
quitoes. The infectious mosquito does not recover from infection but will leave
the compartment once it dies. For simplicity the size of the mosquito population
Ny is assumed to be constant and thus the rate at which new mosquitoes are
recruited into the susceptible compartment is equal to the death rate pp;. The
total number of mosquitoes at time ¢, Ny, (), is therefore divided into ‘susceptible’
S (t), ‘exposed’ (or latent) Ly (t) and ‘infectious’ I/(t) mosquitoes.

For the human population, on the other hand, the age-densities of all hu-
mans Ny(a,t), ‘unaffected’ Uy/(a,t), ‘infected’ Iy(a,t) and ‘recovered’ Ry(a,t)
are modelled instead of the total numbers in each compartment. However, note
that the compartment of ‘unaffected” comprises susceptible individuals as well as
those protected by maternal antibodies. Assuming that all humans are born pass-
ively immune and become susceptible once the maternal antibodies in their blood-
stream decline according to an age-dependent function C'(a), the age-densities
for passively immune and for susceptible humans are (1 —C(a))Ug(a,t) and
C(a)Upg(a,t) respectively. Only susceptible humans who are bitten by an in-
fectious mosquito can become infected. The transmission of the virus from the
infectious mosquito to the susceptible human occurs with probability b. Infected
humans recover at a rate vg and once they are recovered can never get infected
by the same serotype again. The death rate in the human population is age-
dependent but does not depend on whether an individual has been infected or
not; therefore it is given by pugy(a) for all compartments. Similar to the mos-
quito population the size of the human population Ny is assumed to remain
constant, i.e. Ny = Ny (t) = [;° Nu(a,t)da, and the birth rate in the unaffected
compartment is therefore py(a).

Under these assumptions the force of infection for the human population is

both time and age-dependent as given by

1
Ag(a,t) = bq(a)lM(t)N—, (3.1)
H
while the force of infection for the mosquito population is time-dependent only,
ie.

Milt) = [ al@) I, t)]\}H da. (3.2)
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1
Ny

bitten by a mosquito on which the rate of adequate contacts for transmission

is a scaling factor corresponding to the probability of a specific human being

of the virus depends. The transmission dynamics are therefore modelled by the

system of partial integro-differential equations

ou ou
2, ZZH_ —Ag(a,t)C(a)Ug(a,t) — p(a)Un(a,t),

da ot

oI oI

it Ol N0, )YC@Un(a,) — () + 720 L. 1),
OR OR

8aH T TtH =yulu(a,t) — pu(a)Ru(a,t), (33
ONy  ONp

50 —l—W = —pu(a)Nu(a,t),

Ny(a,t) =Upgl(a,t) + Iy(a,t) + Ru(a,t),

for the human population and the system of ordinary integro-differential equa-

tions

dSy
dt

dL

Té\/[ = Ar(t)Sm(t) — e "M A (t = 7)Su(t — 7) — par Lo (t), (3.4)

dI
TQM — e TMMT N\ (t — T)Sa(t = 7) — par T (t),

Nu(t) = Su(t) + Lae(t) + Ine(t),

= pnr Ny () = A (8)Su () — par Sna(t),

for the mosquito population.

At time t = 0 the age-densities for the unaffected, infected and recovered hu-
man population are Uy o(a), Igo(a) and Ryo(a) respectively and thus the total
human age-density is given by Ny o(a) = Ugo(a) + Igo(a) + Ruo(a). The num-
ber of susceptible, latent and infectious mosquitoes are Saro, Lo and Iy re-
spectively and therefore Ny = Saro + Laso + Iar0. Note that due to the latency
period we assume that Iy(a,t) = Igg(a) and Sy (t) = Sy for t € [—7,0]. Ad-
ditionally, at age a = 0 we have that Uy (0,t) = Npo, In(0,t) =0, Ry(0,t) =0,
and Ng(0,t) = Ngo = ¥ where L is the expected lifetime of a human which

L
depends on the death rate py(a).

So far the model does not include any vaccination effects. This can be in-
cluded implicitly through matching conditions for unaffected humans for each
vaccination dose rather than explicitly including a ‘vaccinated’ compartment.
The recommended schedule for Dengvaxia is a three-dose vaccination scheme at

0, 6 and 12 months. It is therefore assumed that a fraction V; of the unaffected
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population is vaccinated at age A; months where i = 1,2,3 and A; = A; + 6
months and A3 = A; 4+ 12 months. Similarly to Hethcote [79] the seroconversion
rate is taken to be given by the same function as the loss of maternal antibodies.
This leads to the probability p; = V;C(A;) of becoming immune due to vaccina-
tion at the vaccination age A; and the probability 1 — p; of remaining unaffected,

so that the matching condition resulting from vaccination at age A; is given by

lim Ug(a,t) = (1—p;) lim Ug(a,t). (3.5)

aﬁA;r a—A;

The system of differential equations given in Equations (3.3) and (3.4) together
with the matching conditions arising from vaccination can now be used to describe
the transmission dynamics for any serotype. The parameters used in the model
are summarised in Table 3.1 where it is also made apparent which of the model

parameters are serotype-specific and which are serotype-independent.

3.2.2 Steady-State Dynamics

Assume that the model described in Equations (3.3) to (3.5) has reached its
steady-state. The dynamics in this case will no longer be time-dependent and the
steady-state age-distribution of unaffected, infected and recovered humans U (a),
I(a) and R(a) (where for example U(a) = lim;_,o, Ug(a,t)) can be derived from
the model equations by setting the time derivatives to zero. Once the steady-state
age-distributions of the human population are known it is possible to determine
the steady-state force of infection A(a) by noting A(a) = lim;_,o, Ag(a,t) and using
Equation (3.1). The subscript H is dropped in these definitions since only the age-

distributions and the force of infection of the human population are considered.

Steady-State Age-Distribution of the Human Population

Denote the steady-state fraction of unaffected, infected and recovered humans
of age a by u(a), i(a) and r(a) respectively, e.g. u(a) = % where

N(a) = }L%NH(a?t)a

= N(0)ry(a), (3.6)
— NH

= TWH(G),

is the age-distribution of the entire human population and can easily be obtained

from the equation for Ng(a,t) in Equation (3.3). u(a) can be understood as the
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probability of a human being unaffected at age a and similarly for i(a) and r(a).

It is sufficient to consider

I (3.7)
= = AMa)C(a)u(a) — vgi(a),

with initial conditions u(0) = 1 and i(0) = 0, and with the matching condition

lim u(a) = (1 —p;) lim wu(a) (3.8)
aL—>A;r a—A;
for vaccination at age A; for i = 1,2, 3.
This system of ordinary differential equations can be solved analytically to

obtain the steady-state fractions of unaffected and infected as

e_ f()a )\(S)C(s) ds, 0 S a S Al,
(1—py)e Jo s A <a< Ay,
u(a) = ; (3.9)
(1—p1) (1= pg) e Jo MW, Ay <a < Ay,
(1—=p1) (1 =p2) (1 —p3) e Jo XHCE s A g < 00,
and i(a) = e H® /a A(s)C(s)u(s)e’™* ds. (3.10)
0

Consequently 7(a) = 1 — (u(a) +i(a)) and the steady-state age-distributions of
unaffected, infected and recovered humans are U(a) = u(a)N(a), I(a) = i(a)N(a)
and R(a) = r(a)N(a) respectively.

There is no explicitly modelled population compartment for vaccinated in-
dividuals, instead a successful vaccination is considered to be a silent natural
infection and successfully vaccinated individuals are therefore included in the re-
covered compartment. However, from the matching conditions of u(a) the steady-
state fraction of the population of age a who was successfully vaccinated can still

be obtained as

07 0 <a< Al;
u(A7), A <a < A,
o(a) = {71 ! ? (3.11)
pru(A7) + pau(A3), Ay < a < As,
pru(A7) + pau(As) + psu(As), Az <a < oo,
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where u(A; ) =lim, , ;- u(a). v(a) thus corresponds to the probability of having
been successfully Vaccilnated before age a. Being able to identify this probabil-
ity makes it possible to distinguish between recovered and vaccinated individuals
which is relevant when considering an increased risk in seronegative vaccine re-

cipients.

Steady-State Force of Infection for the Human Population

In order to derive the steady-state force of infection for the human population
from Equation (3.1) the steady-state number of infectious mosquitoes needs to
be known. Similar to the age-distributions of the human population the number
of mosquitoes in each compartment at the steady-state can be found analytic-
ally by setting the time derivatives to zero, i.e. from the equation for Sy(¢) in
Equation (3.4)

1
L3+ Iy = — NS (3.12)
291%
1 S S S S
= — Ny (Nyy — (L +1y)) (3.13)
12274

where S5, Ly, I3, and N3, denote the steady-state numbers of susceptible, latent,
infectious and all mosquitoes and A5, = ¢ [5° q(a)gv(—f{) da the force of infection for
mosquitoes. Hence

ANy

M

From the equation for Iy,(¢) further

)\S
[, = et M gs
12274
=e MM (L5, + 13y),

A Rl 7

A+ s

J5* qla) 52 da

¢ 5 qla) 52 da + pu

H

— o HMT S
=e Ny c

By substituting this expression along with I(a) = i(a)N(a) into Equation (3.1)

one obtains the steady-state force of infection

=qla Lme—ﬂAlT fooo Q(a)i(a)ﬂ'H(a) da
Aa) = q MML 1+ -7 Jo° a(a)i(a)mu(a) da (3.15)
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for the human population which will later be used to determine the optimal

vaccination age.

3.2.3 The Basic Reproduction Number

The basic reproduction number Ry is one of the most important concepts in
mathematical epidemiology as it can provide an indication about whether an in-
fection will spread in a population or not. Namely, if Ry < 1 the disease dies out
and if Ry > 1 the disease causes an epidemic. This becomes apparent as Ry is
defined as the number of secondary infections caused by the average infected in-
dividual in an otherwise entirely susceptible population at equilibrium, i.e. if each
infected individual infects more than one person then we expect that the disease
spreads. The basic reproduction number for the model given in Equations (3.3)
and (3.4) can be derived intuitively based on this definition following, for ex-
ample, the approach of Massad et al. [102] for their dengue model. Additionally
it is possible to approximate the basic reproduction number by linearisation and
to then obtain estimates from the initial phase of an outbreak [50, 102, 103].

Intuitive Expression for the Basic Reproduction Number

Consider an infected individual of age a who enters a completely naive pop-
ulation, i.e. a population where everyone else is unaffected and all mosquitoes
are susceptible. This infected individual will cause a certain age-distribution
of newly infected humans f(a,a’) which depends on the number of mosquitoes
that become infectious due to the infected individual and the age-distribution of
humans infected by one of those mosquitoes. Denote the number of infectious
mosquitoes caused by the single infected individual of age a by Tw_(a) and
the age-distribution of infected humans caused by one of the resulting infectious

mosquitoes by T,y (a’) then
f(CL, a’) = TH_>M(CZ)TM_>H(CL,). (316)

The initially infected individual is still infectious and alive at age s > a with

probability e~ Jo wr (v s’ %e‘”ff (5=0) g0 that the total cumulative con-

tribution of the infected individual to the force of infection for the mosquito

% ds. There are N;; mosquitoes in the pop-

ulation which may be exposed to dengue by biting the infected human and the

probability that an exposed mosquito becomes infectious is e #M7, Let m = %,
H

population is ¢ [° q(s)e—VH(s—a)
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then the number of infectious mosquitoes is obtained as

Ty sn(a) = mee #M7 /aoo q(s)iﬁéz)) e~ (5=a) g, (3.17)

On the other hand, an infectious mosquito remains infectious, i.e. alive, for a

period ﬁ resulting in the total cumulative contribution to the force of infection

1
uMNE"
human with the age-density of susceptible humans being given by C'(a')u(a’). It

for the human population bg(a’) A mosquito can infect any susceptible
is assumed that apart from a single individual all humans are unaffected so that

u(a') = mg(a’)22E and therefore

b

= o 0(@)C(@)ma(a). (3.18)

Tru(a)

The age-distribution f(a,a’) of newly infected humans caused by a single
infected of age a can therefore be factorised as a function of a multiplied by a
function of a’. Hence the basic reproduction number Ry is obtained as the largest

eigenvalue of f(a,a’) which is given by its trace [41], i.e.

Ry = /Ooof(a,a)da

bce PMT oo 00
= m;eL q(a)C(a)/ q(s)mg(s)e 1= ds da.
M 0 a

(3.19)

Ry can similarly be defined as the expected number of secondary infected
mosquitoes caused by a single infectious mosquito entering a completely naive
population at equilibrium. This derivation results in the same expression for Ry.
It is indeed a simpler approach as a single number rather than the spectral radius

of an operator is obtained.

Practical Calculation of the Basic Reproduction Number

Using Equation (3.19) to determine the serotype-specific basic reproduction
numbers is difficult since some of the parameters, for example the disease trans-
mission probabilities b and ¢, are difficult to estimate for each serotype. However,
it is relatively easy to estimate the initial growth rate of an epidemic from data.
Hence an alternative expression of Ry will be derived using parameters which are
easy to estimate rather than difficult to estimate parameters such as b and c.

In order to derive an expression of the basic reproduction number that relies
on easily obtainable parameters the model equations for infected humans and

infectious mosquitoes can be linearised. Denote the densities with respect to
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age of the proportions of the human population who are unaffected humans of

age a and infected humans of age a by uy(a,t) = %Zt) and ig(a,t) = %2”
respectively. Also denote the proportions of susceptible mosquitoes and infectious
mosquitoes at time t by sy (t) = S%A(j) and iy(t) = Ij‘v”—]\([t) respectively. Consider

the beginning of an epidemic, i.e. ug(a,t) ~ try(a) and sy (t —7) ~ sp(t) ~ 1.

Then the linearised system is

50 T o~ 1 1@C@in)mr(a) = (i (a) + yu) in(a,t), (3.20)

di 0
0 omrre [ gla)in(a,t — ) da— pagin(),
0

which can easily be solved by substituting iy (a,t) = cgy(a)e® and iy (t) = cpre™

to obtain

mbece FMT -1

T = () e UOOO g(a)my(a) /O 4(5)C(s)e= =) 4 dq

(3.21)

« is the growth rate of the epidemic during the initial exponential increase in the

number of cases. The alternative expression for the basic reproduction number is

w0+ s J5a(a)Cla) [ g(s)ma(s)e 0 ds da

o T a@)mn(a) J¢ a(s)C(s)e~ =) ds da

(3.22)

which can be further simplified by approximating C(a) = 1.

An estimate for the basic reproduction number can now be found by using case
report data to identify the initial exponential growth rate o at the beginning of
an epidemic. This approach has been used to determine the basic reproduction
number for dengue previously [50, 102, 103] and will be used in this thesis in
Chapters 4 and 5.

3.3 The Risk of Dengue

The model that was derived and analysed in the last section could in theory
be used by itself to find the optimal vaccination age with respect to the lowest
number of infected humans at the steady-state. However, many dengue infections
are asymptomatic or very mild and it is assumed that secondary infections, which
occur less frequently, are more risky. Defining the optimal vaccination age in
terms of the minimal number of infections might therefore not reduce the burden

of dengue on the society significantly as it is possible that mainly asymptomatic
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infections would be prevented if this definition was considered. For dengue the
optimal vaccination age therefore needs to be defined in a different way. One
option is to define it in terms of the risk an average individual is exposed to
during their lifespan, i.e. in terms of the lifetime expected risk, as was done for
measles by Hethcote [79]. The risk can be understood as some measure of the
undesirability of an infection where in the case of dengue any adverse events
caused by an infection could be considered.

In this section the lifetime expected risk for the previously derived vaccination
model is introduced by first considering the expected risk due to infection with a
specific serotype at age a. Based on this expected risk Hethcote’s [79] definition of
the lifetime expected risk is then adapted to allow for several coexisting serotypes.
The survival probability, which was neglected by Hethcote, will also be included in
the lifetime expected risk. Including this probability is important because dengue
can be contracted by individuals of any age even though it is often considered
a childhood disease. In fact, the risk associated with infections at older ages
is very high in comparison to the risk for young adults or middle-aged people.
This increased risk should not be disregarded but it should also not be overrated
which is why the survival probability needs to be included in the lifetime expected
risk. Once the undesirability of an infection is defined based on hospitalisation
and lethality data that was collected by SINAN the importance of the survival
probability becomes apparent. Additionally the risk of an infection has recently
been found to depend on the infection and vaccination history of an individual,
i.e. there is the potential for vaccine-induced risk if a seronegative individual is
successfully vaccinated. This vaccine-induced risk will only be considered for
the risk of hospitalisation since no data for potential changes in the mortality
rates due to catching dengue after being successfully vaccinated against another

serotype are currently available.

3.3.1 The Lifetime Expected Risk

Assume that the vaccination model described in Section 3.2.1 has reached its
steady-state. The model reflects the transmission dynamics of one of the serotypes
so that subscripts are used to differentiate between the different serotypes. The
probabilities of being unaffected by, having been successfully vaccinated against
or having had an infection with serotype i at age a are therefore given by u;(a),
v;(a) and 1 — (u;(a) + v;(a)) respectively. Additionally the fraction of unaffected
who seroconvert upon exposure to serotype i at age a is Cj(a)u;(a) and the force

of infection is A;(a) so that the probability of infection with serotype i at age a
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is given by P;(a) = \;(a)C;i(a)u;(a). The expected risk from serotype i at age a

can be obtained as
Ei(a) = Pi(a)R;(a) = X\i(a)Ci(a)u;(a)R;(a) (3.23)

where the risk of an infection with serotype i at age a is denoted by R;(a).

An infection with serotype ¢ can, however, be a primary, secondary, tertiary or
quaternary infection which have different risks associated with them. The expec-
ted risk therefore needs to take account of this. The probabilities for the different
types of infections depend on whether an individual was previously vaccinated or
infected with any of the remaining serotypes, i.e. their infection and vaccination

history. Let the subscripts
e 7 indicate a natural infection with serotype j before age a,
« Jj, indicate a successful vaccination against serotype j before age a, and

« j indicate the absence of any antibodies specific to serotype j at age a,

i.e. no previous infection or successful vaccination.

The probabilities of an infection with serotype ¢ at age a for any combination of

previous infections and successful immunisations are then given by

Pyrla) = Xi(a)Ci(a)ui(a)u;(a)ur(a)u(a)

Bijxi(a) = Ai(a)Ci(a)ui(a) (1 = (u;(a) + vj(a))) uk(a)ua)

Byj.rila) = Ai(a)Cia)ui(a)v;(a)ur(a)u(a)

Fijia) = Ai(a)Ci(a)ui(a) (1 = (u;(a) + v;(a))) (1 = (ur(a) + vi(a))) w(a)
Bijr.i(a) = Ai(a)Cia)ui(a) (1 = (u;(a) + v;(a))) vi(a)w(a)
Byj.r.i(a) = Ai(a)Ci(a)ui(a)vs(a)vr(a)ula),

Bijui(a) = Ai(a)Ci(a)ui(a) (1 - (u]( +vg(a))

(3.24)

Here seropositivity due to infection and vaccination are treated separately but it
is also possible to not make any distinction between antibodies due to a natural

infection or due to successful vaccination. In this case let the subscripts
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e j4 indicate antibodies due to natural infection with or vaccination against

serotype j before age a, and

« j indicate the absence of any antibodies specific to serotype j at age a, i.e.

no previous infection or successful vaccination.

The likelihood of an infection with serotype ¢ at age a being a primary, second-
ary, tertiary or quaternary infection can be calculated from the probabilities in

Equation (3.24), e.g. for a quaternary infection it is

Pij ki (a) = Pyu(a) + Pyjula) + Pyra(a) + P, (a)
+ Pijra(a) + Pijw. (@) + Pijr.i.(a) + Pijk.. (a).

However, it is easier to compute the probabilities of an infection being a primary,

secondary, tertiary or quaternary infection from the fraction of unaffected u;(a)

Pyiila) = M(a)Ci{a)ui(a)uy (@ (a)ua)
Py i) = M(@)Cua)u(a)(1 () g (a)u(a). 525,
Py i0) = Ma)Cila)u(a) (1 = uy(@)(1 - wn(@)uua)
Pyt (@) = M@)Cila)u(a) (1~ y(@)(1 ~ we(a)) (1 = w(a).

In both cases the associated risk with any infection and vaccination history
is denoted similarly to the corresponding probability, e.g. Rgp(a) is the risk
associated with an infection with serotype ¢ at age a when an individual has had
no previous infection with or successful vaccination against any other serotype.
Then the expected risk at age a in the case of differentiating between vaccine-

induced and naturally acquired antibodies is

Ei(a) = Pgg(a)Rig(a) + Pygi(a) Ryjri(a) + Pgg(a) Rigi(a)
+ Psula)Rir(a) + Py g(a) Ry g(a) + Pgy.i(a) R i(a)
+ Pjn. (@) Rk, (@) + Pyj(a) Ria) + Pyg(a) Ryjp(a)
+ Piju(a)Riju(a) + Py (@) Ry .1(a) + Py . (@) Ry . (@)
+ P, (@) Ry, (a) + Py i(a) Rijpi(a) + Pyg, (@) Rijp, (a)
+Rj* (@) R;; pi(a) + Py (@) Ry gi(a) + Py, (a) Ry, (a)
Pira(a)Rijra(a) + Pijr(a) Rijr(a) + P, (a) Riju. ()

‘f‘Pka* (a) Z]k*l(a) +

)

+ Pyjp. (@) Rij, (a

Pij(a)Rijr(a) + Pijroa, (@) Rijr.. (a)
+ Pyjk.(a) Rij, k(@) + Pij g, () Rijor,a. (a),
(3.26)
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and if there is no difference between vaccine-induced and naturally acquired an-
tibodies it is

Ei(a) = Pz;kz(a)RﬁJ( )+ Py gila) Ry gila)
+ Pgr (@) Ry, i(a) + Pggy, (@) Rigg, (a) (3.27)
+ P, (@) R, (@) + Py, (@) Ry gy, (@)
g+k+l( a) zg+k+Z(a>+P%J+k+l+(a)Rij+k+l+(a)'

Once the expected risk from an infection with a specific serotype at age a is

known the lifetime expected risk can be defined as
0 4
E= / m(a) Y Ei(a) da (3.28)
0 —

which allows for the coexistence of several serotypes and includes the survival
probability 7y (a). Note that if serotype i is not present \;(a) is zero so that
the expected risk due to this serotype is zero and there is no contribution to the
lifetime expected risk.

To compute the lifetime expected risk it is necessary to measure the undesirab-

ility of an infection with dengue which will be done in the following subsection.

3.3.2 Undesirability of an Infection

The lifetime expected risk is defined in terms of some measurable undesirab-
ility of an infection. Dengue infections are often asymptomatic and even if an
infected individual experiences symptoms the diagnosis of dengue can be difficult
as many of the symptoms, particularly during the early stages of the infection,
are very similar to those of other diseases. Even though the number of infections
could be derived from the model it is therefore not the best choice to consider the
risk in terms of infections themselves. Instead it may be better to define it based
on the risk of experiencing severe dengue, i.e. what was previously known as DHF
or DSS. The difficulty is that the model cannot predict the number of severe
dengue cases and case report data is not necessarily limited to severe dengue but
also includes milder cases. However, SINAN records all reported dengue cases
together with their outcome in Brazil which enabled Burattini et al. [29, 30] to
evaluate the age-dependence of the risk of requiring hospitalisation due to dengue
and lethality from data collected between 2000 and 2014. These risks can natur-
ally be considered to be closely related to the risk of severe dengue. According
to the results of Burattini et al. the age-dependent risks of hospitalisation R (a)
and of lethality RY(a) are determined below.
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Hospitalisation

Hospitalisation is required in roughly 8% of dengue cases overall in Brazil [29].
However, the risk of being hospitalised varies significantly with age. Children
below the age of 10 years experience the highest risk of being admitted when
they contract the disease. They are being hospitalised at approximately twice
the average rate. For young adults between the ages of 21 and 35 years the risk
is lowest at 5.64%. As with many diseases an infection at older ages results in a
higher risk compared to that of middle-aged individuals which is possibly due to
overall poorer health in this age-group. In Brazil the risk starts to significantly
increase for ages above 65 years. Based on these observations the function R¥ (a)
describing the risk of being hospitalised due to dengue in Brazil was fitted as a
continuous, piecewise defined function as shown in Figure 3.1.

It was assumed that the initial peak at approximately 5.5 years is reached due
to a function of type l;ae’2® describing the risk at younger ages and the increasing
risk in the adult population is described by an exponential function. For ages
above the maximum recorded age the risk is assumed to remain constant. The
age from which the risk can be described by an exponential function was fitted
as an additional parameter and obtained as 21.33 years which is very close to the
age at which the lowest risk was recorded (21 years). The resulting risk function

for the risk of hospitalisation due to dengue in Brazil is shown alongside the data

0.3 .

Risk of Hospitalisation

| | | |
00 20 40 60 80 100

Age a in years

Figure 3.1: The age-dependent probability of requiring hospital treatment for a
dengue infection recorded for ages between 0 and 100 years (blue
dots) as evaluated from SINAN data by Burattini et al. [29, 30]. The
risk function R (a) (red line) was fitted using a piecewise defined
function and is given by Equation (3.29).

61



in Figure 3.1 and given by

0.09153ae01820a () < ¢ < 21.33,
R"(a) = {0.02428¢002362a 9133 < ¢ < 100, (3.29)
0.02428¢236200 100 < g < o0.

At extremely large ages (95-100years) the risk of hospitalisation according
to the data actually goes down as can be seen in Figure 3.1. This might be
because a large percentage of individuals at these extremely large ages are resident
in nursing homes prior to catching dengue and so are treated there. At these
extremely large ages, the fitted curve does not fit the data particularly well, but
since the proportion of individuals surviving at such large ages is extremely small

this will not make a significant difference to the results.

Lethality

It is reasonable to assume that the vast majority of dengue cases with a fatal
outcome are unsuccessfully treated in hospital prior to the death of the patient.
Accordingly the risk of hospitalisation and lethality can be expected to be closely
related with the risk of lethality being much lower. The data for deaths due to
dengue in Brazil which was collected by SINAN and evaluated for age-differences
by Burattini and Massad [30] shows that the risk of dying due to an infection
with dengue is in fact much lower than that of being admitted to hospital. For
children below the age of 10 years the risk of an infection being fatal is high, but
the highest lethality is reached at approximately 4 years which is slightly before
the age at which the risk of hospitalisation is highest. As with hospitalisation
the risk is low for young adults and middle-aged individuals but increases in the
older age-groups. However, the risk of lethality increases drastically above the
age of 60 years and is much higher for older individuals than for children. This
is certainly due to underlying health issues at old age. The function describ-
ing the risk of lethality due to dengue in Brazil was obtained similarly to the
risk of hospitalisation by fitting a continuous, piecewise defined function to the

corresponding data as shown in Figure 3.2 and is given by

6.95236 x 10~4ae 02322 () < ¢ < 20.33,
R"(a) = {3.26903 x 107500662235 9() 33 < ¢ < 100), (3.30)

3.26903 x 107566223500, 100 < a < oo.
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By comparing Figures 3.1 and 3.2 it can be seen that the risk of lethality is
much lower overall than the risk of hospitalisation as one would expect. Addition-
ally it becomes apparent that the two risk functions indeed have a qualitatively
similar shape with respect to higher risks at young ages and an increasing risk
for older individuals. However, this increase is much more drastic for the risk of
lethality. In both cases it is essential to consider the survival probability in the
computation of the lifetime expected risk so as not to overrate this high risk in
comparison to the risk young children experience.

The risk functions defined in the previous subsection can now be related to
either the risk of hospitalisation or the risk of lethality and it is even possible
to incorporate the effect of serotype cross-reactions in the lifetime expected risk.
This can be done by adapting these risks depending on the different assumptions
relating to ADE and PCI as will be described in detail in the following sections.

3.4 Cross-Reaction Scenarios

Dengue is considered the most important viral disease transmitted by mosqui-
toes and yet many of its characteristics are still not fully explored and understood
[165]. ADE is one theory that has been used to explain the higher disease severity
in individuals with prior infections as early as the 1970s [67]. This phenomenon

has been shown in vitro and in animal models but has only recently been demon-
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Figure 3.2: The age-dependent probability of dying due to a dengue infection
recorded for ages between 0 and 100 years (blue dots) as evaluated
from SINAN data by Burattini and Massad [30]. The risk function
RY(a) (red line) was fitted using a piecewise defined function and is
given by Equation (3.30).
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strated in humans [87]. However, there still remains uncertainty about whether
the disease severity is indeed determined by ADE. Some evidence for ADE is that
90-95% of severe dengue cases are due to secondary infections and the remaining
severe dengue cases are usually associated with primary infections in infants that
have some level of maternal antibodies [73, 84, 93]. Another hypothesis is that
two heterologous infections confer PCI which is based on the fact that very few
third and fourth infections are recorded [53, 54, 115]. Whether this is due to
third and fourth infections being asymptomatic or whether individuals with two
heterologous infections are protected against infection with a third serotype is not
yet clear. If ADE plays an important role it is reasonable to assume that primary
infections are asymptomatic and therefore risk-free. Similarly if there is PCI third
and fourth infections are not associated with any risk. The four possible CRSs

that will be considered are therefore

CRS (a): all infections are risky, i.e. neither ADE nor PCI are
considered,
CRS (b): only primary infections are risk-free, i.e. ADE but no

PCI is considered,
CRS (c): only post-secondary infections are risk-free, i.e. no

ADE but PCI is considered, and
CRS (d): only secondary infections are risky, i.e. both ADE and

PCI are considered.

The vaccination model that was described in Section 3.2.1 does not incorpor-
ate any cross-reactions between the different dengue serotypes as it is a single-
serotype model. However, the lifetime expected risk can be used to consider such
interdependencies. Particularly the risk functions associated with the infection
probabilities given in Equations (3.24) and (3.25) for a specific infection and vac-
cination history or a specific infection history can be adapted to allow for the
assumptions of ADE and PCI after two heterologous infections.

If there is no difference between previous natural infections or silent vaccine-
induced infections cross-reactions between the different serotypes can easily be
incorporated in the computation of the lifetime expected risk by setting certain
risks to zero. For example, when ADE is considered to correspond to risk-free
primary infections this can be done by putting R;;;(a) = 0. Similarly PCI results
in asymptomatic tertiary and quaternary infections, i.e. R;; , j(a) = R;; g, (a) =
R0, (a) = Rij k.1, (a) = 0. The remaining risk functions can simply be defined
in terms of the risk of hospitalisation or lethality depending on which risk should

be minimised through vaccination.

64



Setting the risks for primary or tertiary and quaternary infections or both to
zero can still be done when vaccine-induced infections are considered to have a
different effect than a natural infection. However, the definition of the remaining
risk functions is slightly more complicated since an increased risk of hospitalisa-
tion during a subsequent dengue infection in seronegative vaccine recipients was
observed. The previously obtained risk of hospitalisation is from the pre-vaccine
era so that the risk functions need to be determined relative to this pre-vaccine

risk. How this can be done will be discussed in detail in the next section.

3.5 Vaccine-Induced Risk

In addition to the possible CRSs there is also some uncertainty regarding the
impact of Dengvaxia on the transmission dynamics and the disease severity. The
initial safety and efficacy trials of Dengvaxia indicated the possibility of signi-
ficantly reducing the burden of dengue [32, 66]. However, during the long-term
follow-up of the vaccine trials an increased risk in seronegative recipients has
been observed [132]. These new findings have forced the WHO to reconsider their
recommendations for the use of the vaccine [133] and caused a considerable de-
bate about whether and how Dengvaxia should be used [4-6, 38, 74, 75]. It is
particularly questioned whether individuals who have not had a confirmed prior
dengue infection should receive the vaccine at all. Ideally only seropositive in-
dividuals should receive the vaccine to prevent vaccine-induced hospitalisations,
but with tests to determine the serostatus being expensive and unreliable this is
not easily ensured. It is therefore necessary to consider the vaccine-induced risk
to contribute to the lifetime expected risk.

This can be achieved by using relative risks to determine the relation between
the risk functions associated with the probability of an infection for a specific
infection and vaccination history and the pre-vaccine hospitalisation risk R¥ (a).
Specifically the relative risks h~(a), ht(a), b7 (a) and hi(a) for at risk unvac-
cinated seronegative individuals, at risk unvaccinated seropositive individuals, at
risk successfully vaccinated initial seronegative individuals and at risk successfully
vaccinated initial seropositive individuals respectively need to be defined. The
definition of the first three of these relative risks depends on whether a primary
infection is risky or not, i.e. if primary infections are risky they can be defined
relative to unvaccinated seronegatives, whereas for risk-free primary infections
they need to be defined relative to unvaccinated seropositives. So for example if

primary infections are risky h*(a) is the risk for an at risk unvaccinated seropos-
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itive individual of age a relative to an unvaccinated seronegative individual of age
a. h}(a) will be defined as the risk of an at risk successfully vaccinated initially
seropositive individual of age a relative to the risk of an at risk unvaccinated
seropositive individual of age a both for risky and risk-free primary infections.

The hospitalisation cases in the vaccine and control groups during the Deng-
vaxia trials shown in Table 1.2 can be used to determine these relative risks for
at risk individuals. However, the data presented in Table 1.2 cannot immediately
be used with the previously described modelling framework. This has two reas-
ons, namely the way in which the different CRSs and the vaccine-induced risk are
modelled. In particular two things need to be considered to be able to determine
the relative risks for each of the four CRSs from the data in Table 1.2. Firstly it
needs to be taken account of the fact that not all hospitalisations in the vaccine
group occurred in successfully vaccinated individuals. This is due to the fact
that Dengvaxia is not 100% effective, i.e. not every individual that receives the
vaccination is immunised. Secondly all hospitalisations need to be attributed to
at risk individuals which depends on the considered CRS. In any case individuals
who are seropositive to all four serotypes are no longer at risk since infection with
any serotype confers lifelong immunity to that serotype. Additionally, if PCI after
two heterologous infections is assumed, seropositive individuals with antibodies
to at least two serotypes are no longer at risk and in the case of risk-free primary
infections completely seronegatives are not yet at risk.

In order to obtain estimates of the data matching the model assumptions and
thus determine the relative risks the probabilities in Equation (3.31) are defined
for each of the four CRSs. Note that these risks are defined for the age-groups of
the vaccine trials, i.e. GG; is the age-class of individuals aged 2-8 years and G is
the age-class of individuals aged 9-16 years. For the pooled hospitalisation cases
Gy is defined as the age-class of all trial participants, i.e. individuals aged 2-16

years.

p1(Gs) = P(an unvaccinated seropositive in age-class Gy is
at risk before the introduction of a vaccine),

p2(Gs) = P(an initial seronegative in age-class G is successfully
vaccinated and at risk immediately after vaccination),

D2(Gs) = P(an initial seronegative in age-class Gy is at risk (3.31)
immediately after vaccination given successful

vaccinatation against at least one serotype),

p3(Gs) = P(an initial seropositive in age-class G is successfully
vaccinated and at risk immediately after vaccination).
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Cross Reaction Scenario (a)

The most basic case is when all infections are assumed risky. In this case only
those individuals who have been infected by every serotype are no longer at risk.
In particular seronegatives are at risk, so that for a € Gy the relative risks for

individuals who are indeed at risk are defined by

B (a) = P hosp?tal%sat%on of an unvacc%natcd seroncgat%vc %n age-class Gy) 1
P(hospitalisation of an unvaccinated seronegative in age-class G)
W (a) = P hosp.ital.isat.ion of un unvacc'inated seropositi.ve i.n age-class Gy) 7
P(hospitalisation of an unvaccinated seronegative in age-class G;)
ho(a) = P(hospitalisati?n .Of a.successfully Vac.cinated initial se.ronelzgative in age-class Gs)7
* P(hospitalisation of an unvaccinated seronegative in age-class G)
Wt (a) = P(hospitalisation of a successfully vaccinated initial seropositive in age-class Gy)

P(hospitalisation of an unvaccinated seropositive in age-class G)

(3.32)

Maternal antibodies decay quickly and since the trial cohort only included
individuals aged at least 2 years it is reasonable to assume that the recorded
number of seropositive individuals is due to prior natural infections and not due
to passive immunity. p;(Gs) can therefore be obtained from the proportion of
individuals in the age-class G5 who are unaffected by serotype ¢ which will be
denoted by

gy wd(@)me(a) da

0
u; (Gs) = N (B (a) da (3.33)

where B; and B, are the limits of the age-class Gy and

u?(a) =e foa A0 (s)Cy(s) ds

is the pre-vaccine steady-state probability of being unaffected by serotype 7 at
age a. Any infection is risky so that seropositive individuals who are seropositive
to at most three serotypes are at risk and therefore

_ 1= “?(GS)UQ(GS)UQ(GS)UQ(GS) - H?: (1- UO(GS))

p1(Gs) 1— u?(Gs)ug(Gs)ug(Gs)ug(gs)

(3.34)

Clearly pa(Gs) = p2(Gs)e (Gs) where € (Gy) is the vaccine efficacy for seronegat-
ives as given in Table 1.1. A successfully vaccinated individual who was initially
seronegative but remains at risk must have been vaccinated against at least one

serotype but no more than three serotypes. Hence, from the serotype-specific
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vaccine efficacies €;(G;) as given in Table 1.1

]72(Gs) _ 1- 61(GS)EQ(ﬁS)_EBIEI%EEi(fSE)Z@Sa1 (1 - 61(G8>) ) (335)

Lastly an initial seropositive who was vaccinated successfully remains at risk only
if they have antibodies to no more than three serotypes after vaccination, e.g.
someone who was initially seropositive to one serotype remains at risk if they are
successfully vaccinated against at most two serotypes. Therefore p3(Gs) depends
on the probabilities p’(G,) of an individual being seropositive to serotype i and
then successfully vaccinated against one or two other serotypes and p (G,) of an
individual being seropositive to serotypes ¢ and 7 and then successfully vaccinated

against exactly one other serotype. These probabilities are

1= €(G.)e"(GL)e (Gy) — (1 - €(Gy)) (1= €(G.)) (1 - €(G))
1= (1=6(Gy)) (1= e(Gy)) (1 - €(Gy))
1= e (GL)e(GL) — (1= H(Gy)) (1-€(GY))
1—(1—€(Gy)) (1 - €(Gy))

pi(GS) = Si(G5)6+(GS)

P (Gy) = s7(Go)e(Gy)

with similar arguments where et (G5) denotes the vaccine efficacy for seropositives

given by Table 1.1 and

(G, = (1 — 4 (Gs)) uj(Go)up(Gs)uw (Gs)
’ 1- US(GS)U?(GS>U2(GS>U?(GS)

Gy — L7 HH(GD) (1= 5(G) (Gl (o)
T 1= ug)(GS)u?(GS)ug(GS)U?(GS)

denote the age-class distributions of seropositivity to serotype ¢ only given that
an individual is seropositive, and serotypes ¢ and j only given that an individual

is seropositive, respectively. Hence,

4 4
p3(Gs) = D" ph(Gy) + > pi(Gy). (3.36)
i=1 1,5=1
i#]

Table 1.2 shows that there were 236 and 481 seropositive individuals in the
control group and in the vaccine group aged 2-8 respectively. 236p;(G;) and
481p3(Gy) of them were in fact at risk. Of the 330 initial seronegatives aged
2-8 in the vaccine group 330p2(G1) were at risk and 330 (1 — ¢ (G4)) were not
successfully vaccinated but caused an expected 330 (1 — ¢ (G1)) 125 of the 17
hospitalisations recorded. For the age-group 9-16 years it can be argued similarly.
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The relative risks are thus

L

11 5
e/ 17 0= a <9,

15 4
{752101(6'2)/204’ 9= a<oo,

17-330(1—€= (G1) ) 2=
3gOp2(G1)1 Jais /%73’ 0<a<9, (3.37)

7—382(1—6_(G2))ﬁ/ﬁ’ 9<a< oo,

h™(a) =
ht(a) =
h, (a) =

382p2(G2)

9 11
h+( ) __ ) 481p3(G1)/ 236p1(Gh1)’ 0<a<9,
<\ )= 7 15

1,546p3(G2) / 752p1(Ga)’ 9<a<oo

where it is assumed that individuals below 2 years of age experience the same
relative risk as those in the age-group 2-8 years and individuals above 16 years
of age experience the same as those in the age-group 9-16 years.

However the age-dependence of the vaccine-induced risk in seronegative re-
cipients as well as in the vaccine efficacy is still being challenged [4, 5, 38, 75].
It might therefore be better to pool the recorded hospitalisation cases as shown
in Table 1.2 and instead consider age-group independent relative risks based on
the age-class of individuals aged 2-16 years that are applied to individuals of any
age.

They are obtained as

TN 26 9
h™(a) = 988p1(G0)/ﬁ7

_ _24-712(1—€(Go)) 5% / ¢
h; (a) = 712p2(Go) = /ﬁ?

+ . 16 26
hy(a) = 2,027p3(Go)/988p1(Go)‘

(3.38)

Having determined the relative risks for seronegative and seropositive unvac-
cinated individuals the pre-vaccine hospitalisation risk can be expressed in terms
of the pre-vaccine hospitalisation risks for seronegatives R (a) and seropositives
RY(a). Any seronegative and seropositives with antibodies to no more than three

serotypes are at risk, so that
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R¥(a) = uf(a)ul(a)u§(a)ul(@)RY (a) + [1 — uf(a)us(a)u§(a)uf(a)
— (1=u(@) (1 = u(a)) (1 — ui(a)) (1 = ul(a))| RY (a)
= {ud(@)ul(a) ui(a)ui(a) + [1 — uf(a)ul(a)ul(a)ul(a)
— (1=u(@) (1 - ud(@) (1 - u§(a)) (1 = ul(a))] h*(a) } R¥(a).
(3.39)

The risk functions associated with the infection probabilities given in Equa-

tion (3.24) can then be determined as

Riju(a) = Rijki(a) = Ri;ki(“) = h*(a ( )
Rijk.1,(a) = Ry (@) = Ry zi(a) = hi(a)RE(a),
Rijia, (@) = Rijea,(a) = Ry i(a) = b (a)RY (a) = hi(a)h*(a)RE (a),

(3.40)

where it is assumed that once an individual has both vaccine-induced antibodies
and antibodies due to a natural infection the risk does not depend on whether
the vaccination or infection took place first.

We shall look at CRS (b) later since a redefinition of the relative risks i~ (a),
ht(a) and h; (a) in terms of at risk unvaccinated seronegatives is necessary in
this scenario. Now we will continue by looking at CRS (c) where the definition
of all relative risks remains the same and only the probabilities p;(Gs), p2(Gs)
and p3(Gs) need to be adapted to take account of the fact that due to the PCI

individuals who are seropositive to two or more serotypes are no longer at risk.

Cross Reaction Scenario (c)

In the case of risky primary infections but risk-free post-secondary infections,
i.e. PCI, the relative risks are defined as before. However, since now only sero-

positive individuals who are seropositive to exactly one serotype remain at risk

> (1= u8(G)) ud (GG ()]
= uf(Gu3(Go)al

p(Gy) == AT AN (3.41)
oo S (G) (1= 6(G4)) (1 - e4(G) (11— &(G)] »
and () = T @) (= al@)) (1~ a@) (1 —a@)” &
(3.42)
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with similar arguments as before. Further p3(a) is clearly zero as any seropositive
who is successfully vaccinated will be seropositive to at least two serotypes. By
definition A} (a) = 0. Assuming again that individuals below the lower age limit of
the age-class (G; have the same risk as individuals in this age-range and similarly

for individuals above the upper age limit of the age-class GG, the relative risks are

h~(a) =1,
It (a) = 236p111(G1)/%’ 0<a<?,

752p115(G2)/2i04’ 9<a<oo, (3.43)

17-330(1—€(G1)) 125 ’
h_(a) = ?30}02(@1) ) 173/%’ O=sac< 9’

* ) 7-382(1—€e (G2) ) 2-
Spcn o 9 < a<oo,
hf(a) =0,
and
h™(a) =1,
h'*(a) = 988p216(G0)/%’ (3.44)
- _ 24—712(1—57(00))3%/ 9 .
<(a) = 712p2(Go) 377
hf(a) =0
if the data is pooled.
Similarly to before we have that
4
R (a) = uf (a)u§(@)u§(a)uf () RY (a) + 3 [(1 = ud (@) uf(@)ul(a)uf (a)] RY (a),
i=1
4
= {u?<a>u2<a>u8<a>u2<a> + 30 [(1 = w(@)ud(@)ul(a)uf (a)] h*(a)} R (a),
=1
(3.45)

R, zi(a) = by (a)R™ (a),

Rijri(a) = Rijp(a) = Rijpa.(a) = R 4 i(a) = Riji, (a) = Rijra.(a) = Ry i(a) =0,
(3.46)
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where tertiary and quaternary infections are risk-free due to PCI. In the risk
functions the order of prior infection and vaccination does not matter, i.e. for
R;; 1i(a) it is irrelevant whether the infection with serotype & occurred before the
successful vaccination against serotype j or vice versa.

We will now move onto CRS (b) and CRS (d) where risk-free primary infections
are assumed and hence all relative risks need to be defined in terms of the risk of

unvaccinated seropositives.

Cross Reaction Scenario (b)

The case in which primary infections are assumed risk-free requires a re-
definition of h~(a), h*(a) and h; (a) relative to the risk of unvaccinated sero-
positive individuals since unvaccinated seronegative individuals are not yet at

risk. For a € G4 the relative risks are therefore defined by

- (a) = P(hospitalisation of an unvaccinated seronegative in age-class G )
P(hospitalisation of an unvaccinated seropositive in age-class G,)
7t (a) = P(hospitalisation of an unvaccinated seropositive in age-class G) _q
P(hospitalisation of an unvaccinated seropositive in age-class Gy) '
h=(a) = P(hospitalisation of a successfully vaccinated initial seronegative in age-class G)
¥ P(hospitalisation of an unvaccinated seropositive in age-class Gy) '
Wt (a) = P(hospitalisation of a successfully vaccinated initial seropositive in age-class Gy)

P(hospitalisation of an unvaccinated seropositive in age-class G)

(3.47)

and can be determined in a very similar manner to the case of all infections being
risky. In fact, the only relative risk that needs to be calculated in this case is
h (a) since the definition of ht(a) has not changed and h~(a) and ht(a) are
already determined by their definitions. Take pi(Gs), p2(Gs) = p2(Gs)e (Gs)
and p3(Gs) as given by Equations (3.34) to (3.36), then the relative risks when

the age-groups of the vaccine trials are taken account of are computed as

B‘(a) =0,
=1,
17-330(1-¢=(G1)) 125 11
330p2 G’1 236p1(G1)”’ 0<a<9, (3'48)
7-382(1—¢" ))23‘4 15 9<a< oo
382p2 (Ga) 752p1(G2)” - ’
11
481p3(G1 236p1(G1)”’ 0<a<9,
15 9<a<oo.

1 546p3 (G2) ! 752p1(G2)’
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Otherwise they are

h~(a) =0,
h(@) =1, (3.49)
h=(a) — 24-712(1— (Go))%/ 26 .

* (a) = 712p2(Go) 988p1(Go)”’

— 2 027p3 GO)/ 988p1(G0

R (a) can be expressed in terms of RY(a) since risk-free primary infections
imply R (a) = 0. There is no PCI after two heterologous infections so that third
and fourth infections are symptomatic and only individuals who are seropositive
to all four serotypes are no longer at risk. Therefore

R (a) = [1 - uf(a)uS(a)u§(a)uf (a)
~(1-ud(@) (1- (@) (1- (@) (1-ul(@)] BRY(a).

The risk functions associated with a specific infection and vaccination history are

(3.50)

Ripi(a) =0,
Rmkl(a) = Rzykl( ) ( ) h ( )R—I:(CO = Rf(a)7 (351)
Rij*k*l*<a) - 2]* (a) 'L]*kl( ) ( )RE(CL)?

Again the order of prior infection and vaccination does not matter.

Cross Reaction Scenario (d)

Lastly consider both primary and post-secondary infections to be risk-free.
The definitions of the relative risks are as in CRS (b). Only individuals who are
seropositive to exactly one serotype are at risk. p;(Gs) and po(Gy) = pa(Gs)e (Gy)
are therefore given by Equations (3.41) and (3.42). The age-group dependent re-

lative risks are then

h(a) =0,
ht(a) =1,
17— 330(1 € (G1)) 5 1 550
h, (a) = E‘>3OP2((GC;))) : . 236p1(G1)’ 0<a<9, ( )
¥ 7-382(1—€ (G2) ) 51 5
SopCa) | TGy D S 4 < 00,
hi(a) =0
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If the data is instead pooled, the relative risks are

h~(a) =0,
hr(a) =1, (3.53)
h=(a) — 24-712(1—¢(Go)) 52 26 .
* (a) = 712p2(Go) 988p1(Go)”’
h(a) =0,

and since only secondary infections are risky
4
R¥(a) =3 [(1— u)(a)) uS(a)uf(a)uf(a)] R (a). (3.54)
i=1
Therefore

Ryjii(a) = h* (a)R*(a) = RY(a),

R i(a) = hy (a)RY (a),

Rijkl(a) = Rijki(“) = Rijfci(@ =0,

Rijoka.(a) = Ry p.1(a) = Riju, (a) = Rijra.(a) = Ry, i(a) =0,

(3.55)

where the order of the prior infections and successful vaccination is again irrelev-

ant.

3.6 Summary

In this chapter a single-serotype transmission model was introduced in which
the age-densities of unaffected, infected and recovered humans and the total num-
bers of susceptible, latent and infectious mosquitoes were modelled. The force of
infection and proportions of unaffected, infected and recovered humans were de-
rived at the endemic steady-state. The basic reproduction number for the model
was inferred from its definition as the number of secondary infections one infec-
ted individual generates in an otherwise completely susceptible population at the
steady-state. Additionally an alternative expression using easily attainable model
parameters was obtained by linearisation.

From the steady-state dynamics the risk of an infection with a given dengue
serotype at age a was defined based on the infection and vaccination history of an
individual, i.e. when vaccine-induced antibodies and naturally acquired antibodies

behave differently, or on the infection history of an individual only where no
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difference is assumed between antibodies caused by successful vaccination or by
a natural infection. The lifetime expected risk was subsequently defined as the
risk caused by all serotypes during the entire lifetime of an individual. For both
of these definitions it is necessary to assign some undesirability to an infection
with dengue. There are several possible measures of undesirability. However,
getting infected by dengue does often not have any consequences for an individual
due to infections being asymptomatic. It is therefore better to base the risk on
some adverse effect of an infection rather than on becoming infected per se. In
this chapter the risk of hospitalisation or lethality due to a dengue infection
was therefore derived from data that pre-dates the introduction of Dengvaxia in
Brazil.

Considering the different theories regarding possible serotype interactions such
as ADE and PCI after two heterologous infections four CRSs were identified. In
particular ADE was assumed to imply that primary infections are risk-free and
similarly PCI that post-secondary infections are risk-free. The risk functions were
adapted for each of these scenarios to take account of this. In the case of there
not being a difference between vaccine-induced antibodies and naturally acquired
antibodies this can be done by simply setting the corresponding risk functions to
zero. However, more work was required in the case of vaccine-induced antibodies
being considered separately. In particular the recorded number of hospitalisations
during the long-term follow-up of the Dengvaxia trials was used to determine
relative risks for seronegative and seropositive individuals who have or have not
been successfully vaccinated.

This modelling framework can now be used to find the optimal vaccination
age against dengue for any number and combination of serotypes. Note that the
lifetime expected risk was defined in such a way that it is possible to consider
several serotypes even though the model only reflects the transmission dynamics
of a single serotype. In a first step it is necessary to determine the lifetime expec-
ted risk for any vaccination age. The optimal vaccination age is then identified

as the age resulting in the lowest lifetime expected risk.

In the next three chapters the modelling framework will be used to determine
the optimal vaccination age for different assumptions. In Chapter 4 the model
will be used in a slightly simplified version with a constant human death rate
and a constant biting rate. This made the initial analysis easier and can still
give some indication of the optimal vaccination ages. The risk of hospitalisation
and lethality when only the infection history of an individual is considered will

be minimised in this chapter for both a constant and an age-dependent vaccine
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efficacy and for all CRSs.

In Chapter 5 the model will be used with a more realistic step-death function
for the human population and the biting rate will be derived as a function de-
pending on the age of the human from mosquito biting data. Again the risk of
hospitalisation and lethality when only the infection history of an individual is
considered will be minimised. However, due to recent data indicating an increased
hospitalisation risk in some vaccine recipients which resulted in a revision of the
official vaccination guideline the risk of hospitalisation when the infection and
vaccination history of an individual influences the risk will additionally be con-
sidered. It is still unclear whether the negative effect is partly caused by the age
or only due to serostatus. The vaccine-induced risk will therefore be considered
to be constant or age-dependent based on the age-groups determined during the
vaccine trials. If the increased risk is not assumed to depend on the age of the
recipient the age-groups of the Dengvaxia trial are entirely disregarded, i.e. both
the vaccine-induced risk and the vaccine efficacy are assumed constant. Again all
CRSs will be considered.

In Chapter 6 a model with a human step-death function and an age-dependent
biting rate will be used. However, instead of determining the biting rate from
mosquito biting data and using this biting rate to determine the force of infection,
serological data pre-dating the introduction of Dengvaxia in Brazil will be used
to find the age-dependent force of infection at the pre-vaccine steady-state. The
same assumptions regarding the risk of an infection with dengue will be made as
in Chapter 5 and both constant and age-dependent efficacy and vaccine-induced
risk will be considered for all CRSs.

Finally, in Chapter 7, the findings from Chapters 4 to 6 will be summarised
and compared. In particular the effect of the different model assumptions, risk
functions, CRSs and vaccine related factors such as the age-dependence of the
efficacy and the vaccine-induced risk on the optimal vaccination age will be dis-
cussed. It will also be highlighted in which direction the work of this thesis can
be continued to determine the optimal vaccination age for dengue in Brazil most

accurately.
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Chapter

Optimal Vaccination Age with a
Constant Biting Rate

4.1 Introduction

The modelling framework derived in the previous chapter can be used to
obtain the optimal vaccination age in a specific endemic area for any defined
undesirability of an infection with dengue and for a given CRS. However, the
model presented in Section 3.2 was in fact developed from a simplified version
where the human death rate and the biting rate were assumed constant. Both
of these assumptions are only approximations of the facts but made the initial
steady-state analysis easier. A constant death rate is not a particularly realistic
approximation for a country like Brazil but is a commonly used simplification in
epidemiological modelling [11]. Similarly humans are actually bitten by mosqui-
toes with varying frequencies depending on their age. This is due to different
behaviour, as children may, for example, spend a significant amount of time out-
side but are not preoccupied with having to protect themselves from mosquito
bites. However, as an initial approximation a constant biting rate can still be
used to gain some insight into the effects of different assumptions on the optimal
vaccination age.

In this chapter the previously derived model will therefore be used with a
constant biting rate and a constant human death rate to obtain the optimal vac-
cination age for dengue. While the majority of the theoretical work was already
carried out in the previous chapter the most important theoretical results for
these model assumptions will briefly be summarised in the next section. Sub-
sequently the serotype-specific effective reproduction numbers will be inferred

from case report data provided by SINAN. These can then be used to calculate
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the serotype-specific forces of infection for a specific vaccination strategy and
hence the lifetime expected risk. By minimising the lifetime expected risk the
optimal vaccination age can be obtained. The results both for the risk of hospit-
alisation and lethality will be presented where every CRS will be considered both
for age-independent and age-dependent vaccine efficacies as given in Table 1.1.
Dengvaxia is only licensed for the use in individuals aged 9 to 45 years in Brazil
so that in addition to the optimal vaccination age, the age that minimises the
lifetime expected risk under this constraint will be determined. The findings will
ultimately be summarised and compared for the different assumptions and the
consequences of the age-restriction will be discussed. Vaccine-induced risk is not
considered in this chapter since the simulations were carried out before the con-
sensus was reached that Dengvaxia increases the risk in seronegative recipients.
Our vaccination assumptions reflect the official vaccination policy as it was at the
time when these simulations were carried out. They were later changed due to an
increased risk in seronegative recipients as discussed in Section 1.4.3. Throughout
this chapter the lifetime expected risk is therefore computed from the expected

risk from an infection with serotype i at age a given by Equation (3.27).

4.2 Model Assumptions

In the previous chapter the modelling framework required to determine the op-
timal vaccination age for dengue was derived. The model given in Equations (3.3)
to (3.5) describes the transmission dynamics for a single serotype and the effect
of vaccination on these dynamics. However, the lifetime expected risk F, cf.
Equation (3.28), was defined for all four dengue serotypes and makes it possible
to consider different CRSs both for the risk of hospitalisation and lethality. This
framework can also be used for a slightly simplified model where both the hu-
man death rate and the rate at which mosquitoes bite humans are assumed to be
constant.

The steady-state analysis for the general model was already carried out in
Section 3.2.2 to find the steady-state force of infection given by Equation (3.15)
and the steady-state age-densitities of unaffected humans u(a), infected humans
i(a) and recovered humans r(a) respectively. These age-densities are necessary to
compute the lifetime expected risk. Additionally the basic reproduction number
as well as an approximate expression for it was derived in Section 3.2.3. The
model was introduced with an age-dependent death rate pg(a) for humans and

an age-dependent biting rate g(a). However, assuming constant rates puy and ¢

78



as an approximation makes the analysis easier. gy = 0.01355 per year was taken
from the literature [153]. In this case the survival probability is 7y (a) = e ##¢
resulting in the life expectancy L = ;%H = 73.8 years and therefore the age-density

function at the steady-state for the total human population is given by
N(a) = pg Nge H1e, (4.1)

The force of infection for humans is age-independent since ¢ is a constant. At the

steady-state it is given by

Iy (t
A = lim g¢b m ),
t—o00 Ny
q*beme M7 JCi(a)e 1 da (4.2)
pul 1+ 22 [i(a)e e da’

but can be expressed in terms of the basic reproduction number Ry. In particular

% (0 )e—HH
A= Rl fgc ilajerm c__ (4.3)
L 142 [(Fi(a)e e da
where
Ry~ q*bemeHMT |

Neom'(a_'_:uM) (&+MH+7H)
poar (pomr =+ ver)

can be obtained from Equations (3.19) and (3.22) by integration with a con-
stant biting rate and a constant death rate if it is assumed that C(a) = 1 since
maternal antibodies decline quickly. The initial exponential growth rate of an
epidemic, «, is used to approximate the basic reproduction number as outlined in
Section 3.2.3 and this parameter can be inferred from case report data [102, 103].
This approach can be used for each serotype separately to obtain serotype-specific
effective reproduction numbers as will be done in the following section. Note that
since dengue has been endemic in Brazil for decades the derived numbers are ef-
fective rather than basic reproduction numbers. However, as an approximation

the same approach can be used.
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4.3 Effective Reproduction Numbers

The Brazilian National Notifiable Diseases Information System (SINAN) was
first set up in 1993 to enable the collection of data on various notifiable diseases
such as dengue [25]. A significant amount of information is collected for each case,
such as the patient’s age, educational level and medical history [26]. The weekly
number of dengue cases reported through SINAN between 2000 and 2014 were
provided for the five regions North, North-East, South, South-East and Centre-
West. The case report data was separated by serotype whenever the infecting
serotype was determined. These serotype-specific weekly case numbers can be
used to find the initial phase of an outbreak. In particular the exponential growth
rate «; for the serotype ¢ = 1,2,3,4 can be determined and thus the effective
reproduction number for serotype i can be computed from Equation (4.4).

In the years from 2000 to 2014 DENv1, DENv2 and DENv3 each caused four
major epidemics in Brazil. On the other hand DENv4 was responsible for just two
epidemics - one in 2012 and the other in 2013. There were no earlier outbreaks
with this serotype documented in the data since it only re-emerged in Brazil in
2010 after an absence of 28 years [114]. From the nationwide weekly incidence
data the first twelve weeks of each of these outbreaks were determined for Brazil
as a whole to obtain the initial growth rate «; for the corresponding serotype.
Additionally the initial phase of the outbreaks was determined for each of the five
regions separately to obtain upper and lower bounds for a;. In each of the regions
there are different climatic conditions so that the start of the epidemics varied
slightly between the regions and it is difficult to determine the start exactly. The

effective reproduction numbers presented in Table 4.1 were obtained by using

Table 4.1: Estimates of the serotype-specific effective reproduction numbers ob-
tained from the initial exponential growth rate of epidemics when the
transmission dynamics are modelled with a constant biting rate and
human death rate. The data comprises all epidemics in Brazil between
2000 and 2014 for each serotype. The upper and lower bounds are
taken from the highest and lowest exponential growth rates of the
outbreaks in the regions North, North-East, South, South-East and
Centre-West during the same period.

Serotype R, lower bound upper bound
DENv1 4.7042 1.2230 6.1772
DENv2 2.9941 1.3745 8.5126
DENv3 4.2972 1.4341 13.4116
DENv4 4.1861 1.8291 4.8708
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the mean value of a for nationwide epidemics caused by each specific serotype
in Equation (4.4) where the remaining parameter values were taken from the
literature as given in Table 3.1. The upper and lower bounds were calculated
by considering the highest and lowest values of « for the different regions. This
approach has been used before for several diseases including dengue [50, 102,
103]. The values obtained for the effective reproduction numbers seem to be in
agreement with other estimates even though the exact values of o highly depend

on which weeks are taken to correspond to the start of an outbreak.

4.4 Optimal Vaccination Age

The serotype-specific effective reproduction numbers that were determined in
the previous section can be used to compute ¢ from Equation (4.4) and thus the
steady-state force of infection as the solution of Equation (4.3) (note that i(a)
depends on A). This can be done for each serotype, any vaccination age and dif-
ferent assumptions relating to the age-dependence of the vaccine efficacy. Once
the forces of infection for all four serotypes are known the lifetime expected risk
and the optimal vaccination age can be obtained for the different CRSs both for
the risk of hospitalisation and lethality. The vaccination schedule that leads to
the lowest lifetime expected risk is considered optimal. Dengvaxia is licensed to
be administered in three doses given at an interval of 6 months. The simulated
vaccination strategies all adhere to this pattern. The vaccination age A; at which
the first of the three doses is given and that results in the minimal lifetime expec-
ted risk is then referred to as the optimal vaccination age, i.e. the age at which
vaccination should ideally be initiated.

The optimal vaccination age will be determined firstly to minimise the risk of
hospitalisation and subsequently to minimise the risk of lethality. In both cases all
CRSs will be considered and the expected risk from an infection will be assumed to
depend on the infection history of the individual only rather than on the infection
and vaccination history (cf. Equation (3.27)). All results will be presented for
age-independent and age-dependent serotype-specific vaccine efficacies. Results
using an age-independent vaccine efficacy will further be discussed in detail for
endemic areas with any number of serotypes, while for age-dependent vaccine
efficacy the differences are briefly highlighted by considering an endemic area
with a single serotype only. Finally the effect of restricting the vaccination age to

be between 9 and 45 years according to Dengavaxia’s licence will be examined.
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4.4.1 Minimising the Risk of Hospitalisation

Reducing the number of hospitalisations caused by dengue infections can sig-
nificantly reduce the economic burden of dengue. However, in order to maximise
the impact on the burden the optimal vaccination strategy needs to be chosen.
The ideal strategy depends on several factors, first and foremost on the vaccine ef-
ficacy. The vaccine efficacy was found to be age-dependent in several phase three
trials [32, 66] with a higher efficacy in children above the age of 9 years than in
younger children (cf. Table 1.1). However, it is argued that the vaccine efficacy
actually increases when an individual is seropositive which is more likely at older
ages, i.e. the serostatus rather than age per se determines the vaccine efficacy.
The optimal vaccination age will therefore be determined first for a constant ef-
ficacy and then for an age-dependent one as given in Table 1.1. Subsequently the
effect of the licence restriction on the vaccination age will be discussed in both

cases.

Constant Vaccine Efficacy

In most endemic countries several of the dengue virus serotypes DENv1-4
coexist. However, in order to understand the effect of the different effective re-
production numbers, efficacies, and rates of decay of maternal antibodies for the
four serotypes to begin with an endemic region with a single serotype in exist-
ence will be considered. Note that while only a single serotype exists infections
are not necessarily primary infections due to the tetravalence of the vaccine.
Vaccination corresponds to a silent infection with the serotypes it successfully
immunised against, so that a natural infection after a successful vaccination can
be a secondary, tertiary or quaternary infection. The results for such an endemic
region with a single circulating serotype are presented in Figure 4.1 where the
subfigures (a)—(d) correspond to the CRS (a)-(d) respectively. Recall that CRS (a)
and CRS (c) consider risky primary infections, while CRS (b) and CRS (d) consider
risk-free primary infections based on the theory of ADE. CRS (c¢) and CRS (d) are
based on few third and fourth infections being recorded, i.e. tertiary and qua-
ternary infections are assumed risk-free in these scenarios. The graph shows the
lifetime expected risk E as a function of the vaccination age A; at which the first
of three doses is given. The optimal vaccination age is that at which the lifetime
expected risk reaches its minimum.

CRS (a) is shown in Figure 4.1a. In order to understand the effect of the differ-
ent efficacies DENv3 and DENv4 can be compared. These two serotypes have very

similar effective reproduction numbers of approximately 4.3 and 4.2 respectively.
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Additionally Dengvaxia is fairly effective against both of these serotypes, with an
efficacy of nearly 72% for DENv3 and an even higher efficacy of almost 77% for
DENv4. From the graph it can be seen that the higher efficacy for DENv4 leads to
a lower lifetime expected risk at almost all vaccination ages. An exception to this
are vaccination ages below approximately 16 months. Van Panhuis et al. [119]
have shown that the rate at which maternal antibodies for DENv4 are decaying
is slightly slower than for DENv3, so that at these young vaccination ages the
higher risk of vaccinating unsuccessfully outweighs the higher efficacy and thus
leads to a slightly higher lifetime expected risk for DENv4 than for DENv3. DENv4
therefore shows the importance of administering vaccinations only once maternal
antibodies have decayed enough for vaccination to be successful in most targeted
individuals. Once this is the case a higher efficacy will always lead to a lower
lifetime expected risk for serotypes with a similar effective reproduction number
as one would expect. By considering DENv1 it can be seen that this is even true if
the effective reproduction number is slightly higher with a value of approximately
4.7. The effective reproduction number for DENv2 is much lower than for the re-
maining serotypes and with an efficacy of 43% the vaccine is least effective against
DENv2. From the graph it can be seen that the low efficacy for DENv2 leads to
a very flat lifetime expected risk curve and to the highest lifetime expected risk
by far at young ages even though the low effective reproduction number corres-
ponds to fewer overall cases without the use of vaccination. However, the higher
efficacy of Dengvaxia for the other three serotypes, particularly for DENv3 and
DENv4 means that many natural infections with these serotypes can be prevented
if vaccination is carried out before the disease can spread. Once vaccination takes
place in adults above the age of 27 years the lifetime expected risk due to DENv2
is in fact lower than for DENv1. Once the vaccination age increases even further
to above 50 years DENv3 also poses a higher risk than DENv2. The vaccination
against DENv1, DENv3 and DENv4 at higher ages is taking place after the disease
spread and cannot prevent many infections. The lifetime expected risk cannot
be significantly reduced if vaccination takes place too late in life and vaccination
against DENv1l, DENv3 and DENv4 is thus best carried out at young ages of 31,
85 and 42 months respectively. On the other hand, there are in general fewer
natural DENv2 infections with a higher average age of infection since the effective
reproduction number is very low. Additionally the decay of maternal antibodies
against DENv2 is much slower than for the remaining serotypes [119] so that it
is best to vaccinate later in life. The optimal vaccination age for DENv2 is 311

months, i.e. just under 26 years.
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Next consider CRS (b) as shown in Figure 4.1b. From the graph it is apparent
that the lifetime expected risk decreases as the vaccination age increases. This is
in fact true even for very high ages so that vaccination in this case is not recom-
mended. In the considered region there is just a single serotype in circulation, so
that a natural infection without prior vaccination can only be a primary infection
and therefore free of risk. In the absence of vaccination there is consequently zero
lifetime expected risk. However, if vaccination is given the natural infection can
in fact be a post-primary infection and thus the lifetime expected risk is non-zero.
The higher the number of individuals who had a natural infection prior to the
vaccination the lower the additional risk is due to post-vaccine infections. The
lifetime expected risk therefore decreases with an increase in vaccination age. In
fact from the graph it can be seen that DENv2 stands out with the highest lifetime
expected risk, whereas the remaining three serotypes have a similar risk partic-
ularly at ages above 120 months (10 years). This higher risk due to DENv2 is
caused at least to some extent by the low efficacy for this serotype. Vaccination
is more likely to be effective against any of the other serotypes so that if only
DENv2 is endemic in the area there is a high chance of a post-vaccine infection
with DENv2.

Heterologous secondary infections have been found to prevent tertiary and
quaternary infections from causing clinical disease [53, 54, 115] so that many
recent models assume secondary infections to confer permanent cross-immunity
[33, 90]. The corresponding scenarios CRS (c) and CRS (d) for risky and risk-free
primary infections can be seen in Figures 4.1c and 4.1d respectively. From the
lifetime expected risk curves of DENv1, DENv3, and DENv4 for CRS (c) it can be
seen that the observations relating to the effect of different efficacies still apply.
However, DENv2 with a low effective reproduction number and low efficacy leads
to a lifetime expected risk that at young vaccination ages is very similar to the
remaining three serotypes and to the lowest lifetime expected risk for vaccination
ages above 240 months (20 years). While the lifetime expected risk due to any
of the serotypes is lower for CRS (c) and CRS (d) than for the scenarios with risky
post-secondary infections, this difference is most pronounced for DENv2.

For older vaccination ages DENv2 poses a low risk compared to the other
serotypes. This is due to different effective reproduction numbers. The high
effective reproduction numbers of the other serotypes will have already led to
those serotypes spreading before vaccination at high ages and vaccination will
therefore have significantly less effect at old age for these serotypes. At younger

ages the lifetime expected risk for all serotypes are fairly similar which is caused by
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the combination of the low effective reproduction number for DENv2 and the high
efficacy for the remaining serotypes. On one hand, since the effective reproduction
number means that the average age of infection for DENv2 is relatively high, DENv2
has not spread at young ages. On the other hand, since the vaccine is more likely
to be effective against the other serotypes, particularly against DENv3 and DENv4,
vaccinating at young ages leads to a higher chance of an infection with DENv2
occurring after successful vaccination against at least two of the other serotypes.
Therefore the infection is more likely to be asymptomatic and free of risk.

If DENv3 or DENv4 are in circulation the higher efficacy results in more preven-
ted cases at young vaccination ages, so that the lifetime expected risk is similarly
low. For DENv1 the combination of the low efficacy and the high effective repro-
duction number means that vaccination needs to take place as soon as possible
to prevent the disease from spreading and will have far less effect later on. For
CRS (c) the optimal vaccination age for all four serotypes is therefore very low
and lies between 22 and 42 months. This is particularly interesting in the case
of DENv2 with an optimal vaccination age of 311 months in CRS (a) when all in-
fections are risky, and can be explained by considering the decay of maternal
antibodies and the low efficacy. CRS (a) means that all infections are sympto-
matic and the vaccine needs to prevent an infection with DENv2 to reduce the
risk. However, since the efficacy for DENv2 is already low and further decreased at
younger ages due to the slow decay of maternal antibodies it is best to vaccinate
late. In CRS (c) it is sufficient to successfully vaccinate against two of the other
serotypes which is achievable at young ages so that the optimal vaccination age
in this case depends less on DENv2 than on the remaining serotypes.

For CRS (d) vaccination is again not recommended for the same reasons as
in the case of CRS (b). Additionally from Figure 4.1d it can be seen that the
assumption of asymptomatic tertiary and quaternary infections in the case of
risk-free primary infections has a similar effect on the lifetime expected risk of
DENv2 as in the case of risky primary infections. However, the higher chance of a
possible post-vaccine infection for DENv2 due to the lower efficacy of this serotype
again leads to DENv2 posing the highest lifetime expected risk if vaccination is
carried out.

By studying an endemic area with a single serotype in circulation it can there-
fore be seen that efficacy, effective reproduction number, and decay of maternal
antibodies all significantly influence the optimal vaccination ages, particularly
when all infections are considered equally risky. For asymptomatic third and

fourth infections the differences are much less relevant and optimal vaccination
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ages are similar for all serotypes. Vaccination is not recommended in an endemic
region with only one serotype when primary infections are risk-free as one would

intuitively expect.

Next an endemic region with two co-circulating serotypes is studied. The
results for any combination of two coexisting serotypes are presented in Figure 4.2
where again the subfigures are numbered according to the CRS they correspond to.
Again successful vaccination can be understood as a silent infection so that even
though there are only two serotypes present tertiary and quaternary infections
are possible.

In CRS (a) all infections are equally likely to require hospital treatment. From
Figure 4.2a it can be seen that the optimal vaccination ages in this scenario are
mostly relatively low, between 36 and 44 months. The only exception is the
combination DENv23 in which case vaccination should take place at 95 months.
However, the lifetime expected risk due to DENv23 is very flat in general and near-
optimal vaccination could be achieved at similarly early vaccination ages as for
the remaining serotype combinations. In fact, any combination including DENv2
leads to a relatively flat lifetime expected risk curve. For young vaccination
ages these combinations are clearly distinguishable since they lead to a higher
lifetime expected risk than combinations without DENv2. The lifetime expected
risk for two serotypes is much higher in general than for a single serotype. Further
in CRS (b) and CRS (d) vaccination is in fact recommended for two coexisting
serotypes. However, the optimal vaccination ages in CRS (b) are much higher
and more varied than in CRS (a). This increase in comparison to risky primary
infections can be explained intuitively since vaccination before the first infection
is in fact not necessary if the infection does not pose any risk. It is therefore better
to wait with vaccination until after the primary infection occurred to make sure
that less vaccinated individuals are still protected by maternal antibodies. Again
the presence or absence of DENv2 seems to have a great influence due to the
slow decay rate of maternal antibodies. Combinations that include this serotype
require vaccination at ages between 411 and 452 months (approximately 34 and
37.5 years), while those without DENv2 require vaccination between 249 and 271
months (approximately 21 and 22.5 years). The reason for this is the high risk
of an infection with DENv2 occurring after vaccination since the vaccine is least
effective against this serotype and maternal antibodies decay slowly and thus

further reduce the effectiveness at young ages.
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In the case of asymptomatic tertiary and quaternary infections (CRS (c) and
CRS (d)) the low effective reproduction number of DENv2 actually leads to a lower
risk if vaccination takes place late for a single serotype. From Figures 4.2c
and 4.2d this can also be observed for any combination with two coexisting sero-
types when DENv2 is present. Similarly to the case of a single serotype the
optimal vaccination ages for CRS (c) are less varied for the different combinations
and lower than in the case of CRS (a). The optimal age lies between 22 and 37
months. For CRS (d), i.e. when only secondary infections are risky, the optimal
vaccination ages lie between 122 and 170 months. Again the increase in com-
parison to CRS (c) is due to primary infections not being targeted. However, in
addition to that vaccination is now only effective if it is administered before a
secondary infection. The optimal vaccination ages are therefore lower for CRS (d)
than for CRS (b).

For two coexisting serotypes it can therefore be said that vaccination ages
highly depend on whether primary infections are risky independent of whether
PCI is considered. Additionally if two heterologous infections do not confer PCI
the presence or absence of DENv2 greatly impacts the vaccination age and the
lifetime expected risk. On the other hand in CRS (c) there is very little variance

in the optimal vaccination ages for the different serotype combinations.

For three coexisting serotypes in an endemic region as presented in Figure 4.3
most of the observations for two co-circulating serotypes apply as well. The com-
bination of DENv134 behaves similarly to the combinations with two serotypes
that do not include DENv2 in any CRS. However, the optimal vaccination ages for
three coexisting serotypes are actually slightly lower than for the corresponding
cases with two serotypes. An additional serotype can be understood to increase
the overall effective reproduction number for dengue. The lower optimal vaccin-
ation ages for three serotypes are in fact to be expected since the average age of
infection is reduced and therefore vaccination needs to be administered sooner.

The results for all dengue serotypes coexisting are shown in Figure 4.4. In this
case the optimal vaccination ages are 44 months for all infections being equally
risky (CRS (a)), 192 months for risk-free primary infections but risky third and
fourth infections (CRS (b)), 16 months for risky primary infections but asympto-
matic tertiary and quaternary infections (CRS (c)), and 64 months if only second-
ary infections are considered risky (CRS (d)). Therefore the introduction of the
last serotype again tends to decrease the optimal vaccination age in every scen-
ario. The differences in optimal vaccination age between CRS (a)-(d) are similar

to before.
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Table 4.2: The optimal vaccination age A; in months which minimises the lifetime
expected risk E of hospitalisation for all CRSs. The vaccine efficacy is
assumed serotype-specific but age-independent as given in Table 1.1.
‘~” represents cases in which vaccination is not recommended, i.e. when
A was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay Exi02 Ay Exi02 Ay Exi02 Ay Exi0—2
DENv1 31 6.18 - 0.00 22 2.16 — 0.00
DENv2 311 9.02 - 0.00 31 2.60 - 0.00
DENv3 85 5.46 — 0.00 36 2.32 - 0.00
DENv4 42 4.31 — 0.00 42 1.83 — 0.00
DENv12 42 15.57 452 8.26 22 2.82 122 1.72
DENv13 36 11.76 249 6.01 25 3.05 122 1.79
DENv14 42 10.51 258 5.63 28 2.98 125 1.78
DENv23 95  14.72 423 7.85 31 3.18 145 1.90
DENv24 44 13.67 411 7.63 31 3.15 166 1.97
DENv34 44 9.86 271 5.08 37 3.50 170 2.12
DENv123 50  21.12 236 13.94 19 2.73 73 1.73
DENv124 42 19.88 245  13.45 19 2.75 80 1.73
DENv134 42 16.07 199 1045 22 2.97 92 1.80
DENv234 46 19.22 254 12.65 25 3.10 116 1.89
DENv1234 44  25.44 192  18.61 16 2.68 64 1.73

All optimal vaccination ages together with the minimal lifetime expected risk
for the discussed scenarios are presented in Table 4.2. From the table it can
be seen that the minimal lifetime expected risk increases with every additional
serotype in CRS (a). In CRS (c) this is only true if an additional serotype is ad-
ded to an endemic area with a single serotype in circulation, otherwise the risk
decreases. This is not very intuitive and probably caused due to a combination
of different effects. In CRS (c) it is sufficient to successfully vaccinate against any
two serotypes before an infection occurs independent of which or how many sero-
types are in circulation. The higher the efficacy against non-endemic serotypes
the lower the lifetime expected risk will therefore be. Further the reduction in
average age of infection might mean that possible risky infections occur at lower
risk ages and therefore the risk decreases as more serotypes are present. Similar
differences can be observed between CRS (b) and CRS (d) for areas with more than
one serotype in circulation. However, there are some cases in CRS (d) that lead
to an increase in lifetime expected risk when an additional serotype is added. In
particular if serotype DENv1 coexists with serotype DENv2 and either DENv3 or

DENv4 is added the lifetime expected risk increases.
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In summary it can be said that for a constant, serotype-specific vaccine efficacy
the vaccination ages depend significantly on the serotypes present. The optimal
vaccination age decreases as the number of serotypes increases since more sero-
types lead to a lower average age of infection. However, in general the assump-
tion of risk-free primary infections leads to an increase in vaccination ages since
primary infections do not need to be targeted. The only exception to this is the
case of a single serotype where vaccination is not recommended at all. Assuming
secondary infections to result in PCI leads to a decrease in optimal vaccination
ages which is caused by the vaccination being unnecessary once a secondary in-
fection has occurred. Additionally the differences between effective reproduction
number, vaccine efficacy and decay of maternal antibodies significantly influence

the lifetime expected risk caused by a specific serotype combination.

Age-Dependent Vaccine Efficacy

Hadinegoro et al. [66] and Capeding et al. [32] found that the effectiveness of
Dengvaxia is not only different for each of the serotypes but that it also depends

on the age of the recipient. The age-dependent efficacies for each of the serotypes

Table 4.3: The optimal vaccination age A; in months which minimises the lifetime
expected risk E of hospitalisation for all CRSs. The vaccine efficacy is
assumed serotype-specific and age-dependent as given in Table 1.1.
represents cases in which vaccination is not recommended, i.e. when
A; was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay FExio—2 Ay Exi0-2 Ay Exi02 Ay FExio—2
DENv1 109 6.61 - 0.00 109 3.75 - 0.00
DENv2 306 8.73 - 0.00 109 2.89 - 0.00
DENv3 109 5.29 - 0.00 109 2.55 - 0.00
DENv4 109 2.84 - 0.00 109 1.17 - 0.00
DENv12 109 15.61 440 7.97 109 5.38 109 1.33
DENv13 109  11.90 249 5.77 109 5.30 109 1.38
DENv14 109 9.45 249 4.99 109 4.33 109 1.24
DENv23 109  14.29 417 7.57 109 4.20 135 1.45
DENv24 109 11.84 389 7.17 109 3.36 170 1.54
DENv34 109 8.13 267 4.54 109 3.34 173 1.64
DENv123 109  20.90 240 13.43 19 5.28 109 1.53
DENv124 109 18.45 240  12.48 16 5.20 109 1.36
DENv134 109  14.74 203 9.49 16 5.24 109 1.40
DENv234 109 17.13 254 11.78 109 4.36 122 1.46
DENv1234 109 23.74 196  17.33 16 5.20 109 1.58
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according to [66] are presented in Table 1.1. In this section the effect of an age-
dependent efficacy when the risk of an infection is considered to be hospitalisation
will be discussed. The resulting optimal vaccination age and minimal lifetime
expected risk for any combination of serotypes is shown in Table 4.3. For an age-
dependent efficacy the graphs obtained are overall similar to those for a constant
efficacy. However, the change in efficacy at 9 years of age leads to drops in the
lifetime expected risk. This will be discussed in detail for an endemic area with
only one serotype in existence but applies similarly to any number of coexisting
serotypes. It is also important to note that while the efficacy studies [32, 66]
attributed the difference to the age of the recipient per se, Aguiar and Stollenwerk
[4] raise the question whether the observed increase in efficacy is in fact correlated
with the serostatus rather than the age of the recipient, i.e. they suggest that the
vaccine is more effective in seropositive individuals. If this is the case the results

for a constant efficacy are more realistic.

The results for an age-dependent efficacy in an endemic region with a single
serotype are presented in Figure 4.5 where the subfigures again show the cor-
responding CRSs. By comparing these results to those for a constant efficacy as
shown in Figure 4.1 it can be seen that the overall behaviour of the lifetime expec-
ted risk is in fact similar. The main differences, independent of the CRS, are the
three drops that occur for A; = 8,8.5 and 9 years (96, 102, and 108 months) which
are the vaccination ages for which one of the doses is first given in the age group
of 9 years or above so that the higher efficacy applies. Additionally one can see
that for ages below 8 years the lifetime expected risk is slightly higher due to the
lower efficacy in that age-group compared with the constant efficacy in CRS (a),
CRS (c) and CRS (d). This is most noticeable for DENv4 since the difference in
efficacy is most significant for this serotype. On the other hand, for ages above
9 years where the higher efficacy applies to all three doses the lifetime expected
risk is in fact slightly lower. Again these observations are true independently
of the assumptions relating to cross-immunity. However, in CRS (b) the lifetime
expected risk does not behave in the same way. In this case without vaccination
there is no risk. Successful vaccination against any non-endemic serotypes that
was unsuccessful against the endemic serotype increases the risk. A lower efficacy
is therefore not necessarily causing a higher risk and vice versa. For example, if
DENv2 exists instead of dropping the lifetime expected risk increases if a dose is
given in the older age-group. This is due to the efficacy for this serotype being
low independently of the age-group, but if the vaccine is more effective against

the other three serotypes the probability of an infection with DENv2 occurring
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after vaccination is higher. Therefore the risk increases since there is no risk if
vaccination does not take place at all even though the efficacy increases.

The increase in efficacy has a large effect on the optimal vaccination age, par-
ticularly for the case of risky primary infections, i.e. CRS (a) and CRS (c). While
for a constant efficacy the optimal age is 31, 311, 85 and 42 months for DENv1-4
respectively in CRS (a), for an age-dependent vaccine efficacy the optimal age is
almost unchanged for DENv2 with an optimum at 306 months, but it is much
higher at 109 months for DENv1, DENv3 and DENv4. In CRS (c) the optimal vac-
cination ages increase from between 22-42 months to 109 months for all serotypes
on their own. Similarly for two coexisting serotypes, where the optimal ages all
increase significantly to 109 months. However, for three and four coexisting sero-
types in CRS (c) this is only true for the combination DENv234 as can be seen in
Table 4.3. The remaining combinations, i.e. combinations of at least three sero-
types including DENv1, require vaccination at similarly low ages as for a constant
efficacy.

For risk-free primary infections, i.e. CRS (b) and CRS (d), vaccination is still
not recommended if only a single serotype exists in an endemic region. For
several coexisting serotypes the optimal ages found for a constant efficacy are
all 109 months or above and thus the optimal vaccination ages are almost all
unchanged in comparison to the case of a constant efficacy similarly to DENv2
in CRS (a). Again the only exceptions to this are combinations of at least three
serotypes including DENv1 in CRS (d) in which case the optimal vaccination age
is between 64 and 92 months for a constant efficacy, but now actually increases
to 109 months.

By considering an age-dependent efficacy in most cases an increase of the
optimal vaccination age to 109 months is observed if it is below this age for
a constant efficacy. However, for optimal vaccination ages that are above 109
months in the case of a constant efficacy, the assumption has little effect on the
optimal vaccination ages obtained. In these cases the lifetime expected risk is
slightly lower if efficacy does indeed depend on the age of the recipient. This is
due to the higher efficacy in the age-group above 9 years compared to the pooled
efficacy.
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Licence Restrictions

The optimal vaccination ages that were obtained are clearly not all within
the permitted age-range for Dengvaxia in Brazil which is 9 to 45 years. In fact
in CRS (a) and CRS (c) for a constant efficacy only DENv2 leads to an optimal
vaccination age within that range, all other optimal vaccination ages are far be-
low the required 108 months. For an age-dependent efficacy only combinations
of three and four serotypes including DENv1 lead to vaccination ages below 108
months. However, in CRS (b) and CRS (d) almost all vaccination ages are within
the permitted age-range independently of the assumption relating to efficacy. The
exception is again DENv1 coexisting with at least two other serotypes when the
vaccine efficacy is assumed constant. In this case the optimal vaccination age is
lower than 9 years.The effect of restricting the vaccination ages will therefore be

discussed for all cases with an optimal vaccination age below 108 months. The

Table 4.4: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk E
of hospitalisation. The percentage increase from the optimal lifetime
expected risk % is given for any case in which the optimal vaccina-
tion age lies outwith the permitted age-range of Dengvaxia. For cases
in which vaccination is not recommended the minimal lifetime expec-
ted risk is zero, so that the percentage increase is given by oo. The
vaccine efficacy is assumed serotype-specific but age-independent as
given in Table 1.1.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% Ay 0% Ay 0%
DENv1 109 12 538 00 109 96 531 00
DENv2 311 - 539 00 109 34 539 o0
DENv3 109 1 538 %) 109 30 531 00
DENv4 109 15 538 00 109 37 531 00
DENv12 109 4 452 - 109 118 122 -
DENv13 109 6 249 - 109 101 122 -
DENv14 109 13 258 - 109 90 125 -
DENv23 109 <1 423 - 109 58 145 -
DENv24 109 4 411 - 109 47 166 -
DENv34 109 6 271 - 109 38 170 —
DENv123 109 3 236 - 109 169 109 12
DENv124 109 6 245 — 109 147 109 5
DENv134 109 8 199 - 109 126 109 3
DENv234 109 2 254 - 109 80 116 -
DENv1234 109 5 192 - 109 200 109 22
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resulting vaccination ages which are ideal under the licence restriction together
with the percentage increase from the minimal lifetime expected risk are presen-
ted in Table 4.4 for a constant vaccine efficacy. For risk-free primary infections
(CRS (b) and CRS (d)) and a single serotype in circulation vaccination is not actu-
ally recommended since the lifetime expected risk is zero if no vaccination takes
place. In all other cases which lead to a vaccination age below 108 months the
optimal vaccination age is 109 months if it is restricted according to the licence.
Due to the nature of the objective function and the inaccuracy of the numerical
integration this can be understood as exactly 9 years, i.e. as soon as possible
after the optimal age. Depending on the CRS the percentage increase varies sig-
nificantly. For DENv23 in CRS (a) with a constant efficacy it is less than 1%, on
the other hand if all four serotypes coexist in CRS (c) it is as high as 200%. The
increase from the minimal lifetime expected risk is in general much higher for
CRS (c) than for CRS (a), CRS (b) and CRS (d) if vaccination is recommended.

For an age-dependent efficacy there are only four cases that resulted in an
optimal vaccination age below 9 years (DENv123, DENv124, DENv134 and DENv1234
in CRS (c)) so that a table for this case is omitted. Under licence restriction all
of them require vaccination at 109 months and the percentage increase from the
minimal lifetime expected risk is 23%, 7%, 5% and 28% respectively.

Limiting the vaccination ages to the restriction of the licence therefore has
a great impact on the achievable reduction of hospitalisation risk. Particularly
if secondary infections confer PCI and primary infections are risky much better
results could be achieved if vaccination were to be permitted in younger chil-
dren. However, if the efficacy does indeed depend on the age of the recipient the

restriction has hardly any effect.

4.4.2 Minimising the Risk of Lethality

Instead of looking at the risk of requiring hospital treatment the lethality
due to an infection with dengue can be considered. The lethality risk function
RE(a) was found in the previous chapter (cf. Equation (3.30)). There is a peak
of lethality at young ages as well as an increase in risk at older ages. The more
people get treated for dengue in hospital the more will die of a dengue infection
so that we might expect there to be a high degree of correlation between the risk
of hospitalisation and lethality. The risk of lethality is always significantly lower
than that of hospitalisation. However, while the risk of hospitalisation at old ages
reaches a similar level to its peak for children, the risk of lethality at the age of

75 years is approximately fourfold the risk of death for young children and at
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later ages this risk is much larger. Of particular interest for this risk will thus be
the influence of the high risk at old ages on the optimal vaccination age. Initially
the vaccine efficacy is again assumed to be age-independent and subsequently
the effect of an age-dependent efficacy will be discussed. For scenarios with an

optimal age out with the permitted age range the licence restriction is applied.

Constant Vaccine Efficacy

Again begin by considering an endemic region with only one serotype in cir-
culation in order to understand the differences between the four serotypes. The
results are presented in Figure 4.6 where the subfigures (a)-(d) again correspond
to CRS (a)-(d) respectively. Note that the tetravalence of the vaccine is responsible
for the possibility of an infection being a secondary, tertiary or quaternary infec-
tion depending on how many serotypes an individual was successfully vaccinated
against.

By considering all infections to be equally risky as shown in Figure 4.6a, one
can see that the very high risk at older ages for lethality compared to hospit-
alisation has a significant impact on the lifetime expected risk and the optimal
vaccination age. The optimal vaccination age for any of the four serotypes is
very high with those for DENv1, DENv3 and DENv4 between 532 and 544 months
and that for DENv2 even higher at 840 months. Clearly at these high vaccination
ages only very few infections will be prevented as most will have already occurred
earlier in life. Vaccination will result in a higher average age of infection and since
the risk of lethality increases drastically at older ages it is reasonable that this
effect needs to be kept small. Due to the very high risk at older ages it is there-
fore better to prevent infections that occur at those high-risk ages rather than
infections in younger individuals so that the average age is not affected too much
while some high-risk infections can still be prevented. Considering this it is not
surprising that the highest lifetime expected risk for any vaccination age is caused
by DENv2 and the lowest by DENv1. DENv2 has the lowest effective reproduction
number so that the average age of infection is highest without vaccination and
therefore more infections with this serotype occur at high-risk ages even though
the low effective reproduction number corresponds to fewer infections overall.
Vaccination reduces the effective reproduction number and increases the average
age of infection so that those infections that do occur are likely associated with an
even higher risk and thus independent of vaccination age the risk due to DENv2 is
far higher than that of the remaining serotypes. DENv1 has the highest effective

reproduction number and thus the lowest average age of infection resulting in a
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lower lifetime expected risk than any other serotype. DENv3 and DENv4 cause
a similar lifetime expected risk at most vaccination ages since they have a sim-
ilar effective reproduction number. Considering that vaccination only takes place
after most infections will have occurred the efficacy is less relevant than if the risk
of hospitalisation is minimised. However, due to the high efficacy for DENv3 and
DENv4 some infections at old ages can be prevented for older vaccination ages and
the lifetime expected risk is similar to that of DENv1 at these high vaccination
ages.

If primary infections are assumed to be risk-free, as shown in Figure 4.6b, vac-
cination is again not recommended. The reasons for this are the same as discussed
in the case of hospitalisation, i.e. without vaccination the natural infection has to
be a primary infection and is free of risk. However, if vaccination takes place the
highest lifetime expected risk is caused by DENv2 due to the higher average age of
infection compared to the other serotypes as well as the low efficacy. Independent
of the vaccination age the lifetime expected risk is slightly lower than in CRS (a)
since at least some infections will be primary infections due to the vaccine being
imperfect or because they take place before the vaccine is administered.

CRS (c) is shown in Figure 4.6c. Post-secondary infections in this scenario are
risk-free and thus the lifetime expected risk is much lower than in CRS (a). The
optimal vaccination ages are also reduced in comparison to CRS (a) to between
278 and 390 months for DENv1, DENv3 and DENv4 and 537 months for DENv2.
Again DENv2 requires vaccination later than the other serotypes due to the higher
average age of infection. However, the lifetime expected risk due to this serotype is
no longer the highest at any vaccination age. If the vaccine is given to individuals
below the age of 7.5 years the risk due to DENv2 is smaller than that due to
DENv3 or DENv4 and even at older ages the risk is not significantly higher. The
reason for this is similar to the smaller difference in lifetime expected risk in
the case of hospitalisation. In particular, if vaccination is successful against any
two serotypes no subsequent infection will be risky. Consequently there is now a
trade-off between increasing the average age of infection and ensuring infections
are risk-free due to successful vaccination against any two serotypes.

In CRS (d) as shown in Figure 4.6d, vaccination is intuitively not recommended
since without it the risk will be zero. If vaccination takes place the lifetime
expected risk for each of the serotypes behaves similarly to CRS (c) since successful
vaccination against any two serotypes will result in risk-free subsequent infections.

By considering a single serotype in circulation it can therefore be seen that

if the risk of lethality is minimised the most relevant factor is the average age
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of infection which is closely related to the effective reproduction number. The
lower the effective reproduction number the higher the average age of infection
and therefore the lifetime expected risk. In order to keep the increase in average
age of infection minimal the optimal vaccination age is fairly high in CRS (a) and
CRS (c) where vaccination is recommended. FEssentially vaccination only takes
place after most infections have occurred to prevent only those at high ages.
Consequently the efficacy for a specific serotype is less relevant than in the case
of hospitalisation but if the efficacy is high more of the high-risk infections can

be prevented.

The results for two and three coexisting serotypes for the risk of lethality are
presented in Figures 4.7 and 4.8 respectively where again the subfigures corres-
pond to the four CRSs. Since there are several serotypes in circulation vaccination
is now recommended in CRS (b) and CRS (d). As for a single serotype in CRS (a)
the optimal vaccination ages are very high for all combinations and even higher
if DENv2 is endemic due to its low effective reproduction number. The optimal
vaccination ages in CRS (b) are in fact very similar to those in CRS (a). This is to
be expected since vaccination in the case of lethality is ideal after most infections
at relatively low-risk ages occurred but before those at very older ages take place.
A significant proportion of primary infections will therefore take place before the
optimal vaccination age in CRS (a) and be relatively low-risk. Since these are
risk-free and do not need to be targeted in CRS (b) the age is hardly affected by
the assumption of risk-free primary infections. In CRS (c) the optimal vaccination
ages are much lower since successful vaccination against any two serotypes is suf-
ficient to prevent risky infections at older ages and if vaccination also minimises
the number of infections in younger individuals the risk can further be reduced
despite increasing the average age of infection. Again for older vaccination ages
the lifetime expected risk for all serotype combinations are very similar. Com-
pared to CRS (c) the optimal vaccination ages in CRS (d) are much higher and
again highest for combinations including DENv2. In this case it is not necessary
to prevent primary infections at any age and successful vaccination against any
other serotype results in risk-free subsequent infections. It is therefore better to
wait until after most primary infections occurred and then vaccinate before the
risk increases at older ages. Considering that the average age of infection for
DENv2 is highest this means that vaccination needs to take place later if DENv2
is endemic than if it is not. Note that the optimal vaccination ages are lower
for three than for two coexisting serotypes in all CRSs since the overall effect-

ive reproduction number will be higher and therefore the overall average age of
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infection lower so that vaccination needs to take place earlier.

Figure 4.9 shows the results for all four serotypes being endemic. In CRS (a),
CRS (b) and CRS (d) the observations are very similar to two and three coexist-
ing serotypes. However, in CRS (c) it is ideal to vaccinate at birth rather than
at higher ages. Since all individuals are assumed to be completely protected by
maternal antibodies at birth this is effectively a two dose vaccination strategy at
6 and 12 months which will not affect a large proportion of the population. The
average age of infection in this case is not increased significantly since many vac-
cinated individuals will still be protected by maternal antibodies and vaccination
will therefore often be unsuccessful. However, if vaccination is successful against
at least two serotypes there is no subsequent risk which is why a similarly low
lifetime expected risk can in fact be achieved if vaccination takes place at roughly
6.5 years. In this case vaccination is more likely to be successful against at least
two serotypes so that an increase in average age of infection does not significantly

increase the lifetime expected risk.

A summary of all results for a constant vaccine efficacy when the risk of leth-
ality is minimised is given in Table 4.5. Vaccination to reduce the risk of lethality
needs to take place much later in life than for hospitalisation. The only exception
to this is when all four serotypes coexist in CRS (c) where the risk of lethality can
be minimised by vaccinating at birth. The very high risk at old ages therefore has
a significant impact on the optimal vaccination age. The most important factor is
the effective reproduction number and the average age of infection that is closely
related. This can clearly be seen in CRS (a) and CRS (b) if vaccination is recom-
mended since all combinations including DENv2 require vaccination at higher ages
than those without this serotype due to its low effective reproduction number.
This is not true in CRS (c) and CRS (d) since the higher average age of infection is
irrelevant if vaccination is successful against any two serotypes. From the table
it can further be seen that in CRS (a) and CRS (b) every additional serotype res-
ults in an increase in the lifetime expected risk. In CRS (c) and CRS (d) this is
not necessarily the case. In fact, in CRS (d) the lifetime expected risk decreases
with an additional serotype in every case. In CRS (c) this is also true if a new
serotype is introduced in an endemic area where at least two serotypes already
coexist. This is due to the overall average age of infection decreasing and since
post-secondary infections are risk-free very few risky infections occur at high-risk
ages. In CRS (b) the optimal vaccination ages increase in comparison to CRS (a)

and in CRS (d) the optimal vaccination ages increase in comparison to CRS (c)
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Table 4.5: The optimal vaccination age A; in months which minimises the life-
time expected risk E of lethality for all CRSs. The vaccine efficacy is
assumed serotype-specific but age-independent as given in Table 1.1.
‘~” represents cases in which vaccination is not recommended, i.e. when
A was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay Exi04 Ay Exi04 Ay Exio4 Ay Exio4
DENv1 532 7.41 - 0.00 278 5.10 — 0.00
DENv2 840  21.87 - 0.00 537 8.13 - 0.00
DENv3 544 7.14 — 0.00 368 5.18 - 0.00
DENv4 540 6.91 — 0.00 390 5.08 — 0.00
DENv12 788  29.60 817  23.31 104 8.16 368 3.39
DENv13 538  14.54 589 8.12 214 8.14 312 2.91
DENv14 539  14.32 589 7.97 264 8.40 342 3.08
DENv23 763 29.49 794 23.33 313 9.32 429 4.42
DENv24 756  29.34 787  23.25 348 9.85 458 4.98
DENv34 544  14.05 589 7.86 328 9.13 412 3.72
DENv123 734 37.10 741 30.09 79 6.24 185 2.48

DENv124 726 36.94 734 29.97 115 6.95 221 2.58
DENv134 042 21.45 557  14.29 144 7.27 204 2.59
DENv234 712 36.76 719 29.89 202 7.82 278 2.87
DENv1234 691  44.30 698  36.78 0 5.45 145 2.27

since primary infections do not need to be targeted. In CRS (b) this effect is very
mild since vaccination already takes place very late when many primary infections
have already occurred in CRS (a). In CRS (c) it is better to vaccinate earlier even
though vaccination needs to be successful against two serotypes since primary
infections are risky. In CRS (d) the effect is therefore much more pronounced
since primary infections are risk-free and vaccinating successfully against a single
other serotype after a primary infection results in all subsequent infections be-
ing risk-free. Overall the optimal vaccination ages therefore significantly depend
on the considered CRS and the effective reproduction numbers of the coexisting
serotypes. The vaccine efficacy for each circulating serotype is much less relevant
than in the case of hospitalisation. However, the overall efficacy is very important
particularly in CRS (c) and CRS (d) since a higher efficacy against any serotype

has the potential to reduce the risk caused by endemic serotypes.
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Age-Dependent Vaccine Efficacy

The age-dependent Dengvaxia efficacy is given in Table 1.1. For an endemic
region with a single serotype in circulation the results with this age-dependent
efficacy are presented in Figure 4.10 where the risk of lethality is minimised.
Interestingly in CRS (a) and CRS (b) the increase in vaccine efficacy at 96, 102 and
108 months results in an increase in lifetime expected risk of lethality as opposed
to the drops that were observed hospitalisation. The average age of infection
should not be increased significantly by vaccination due to the very high risk at
old ages. However, if the vaccine is more effective the average age of infection
will be increased to a higher-risk age so that the higher efficacy results in a
higher lifetime expected risk. In CRS (c) and CRS (d) overall the lifetime expected
risk decreases with an increasing efficacy since successful vaccination against at
least two serotypes results in risk-free subsequent infections. However, for DENv4
the increase in efficacy also results in a small increase in risk at 96 and 102
months but a drop at 108 months. The vaccine is less effective against all other
serotypes in individuals above the age of 9 years. Consequently the probability of
vaccinating successfully against two non-endemic serotypes is smaller when DENv4
is in circulation so that in this case initially an increase in risk is observed as the
average age of infection rises. In CRS (c) and CRS (d) the average age of infection
is less relevant since successful vaccination against any two serotypes reduces the
risk. A higher efficacy against non-endemic serotypes generally decreases the
risk. However, in the case of DENv4 the probability that vaccination is successful
against two non-endemic serotypes is smaller than for all other serotypes so that
vaccination may increase the average age of infection without infections becoming
risk-free. For this serotype the increase in efficacy therefore results in a higher
risk. In CRS (b) and CRS (d) vaccination is still not recommended since the lifetime
expected risk is zero without it. In CRS (a) and CRS (c) the optimal vaccination
ages are only slightly below those found for a constant efficacy. This is because
the average age should not be drastically increased so that many infections will
have already occurred and only those at very high ages are targeted. Due to the
higher efficacy these high-risk infections can be targeted slightly earlier.

For several coexisting serotypes an age-dependent efficacy has very similar ef-
fects, i.e. an increase in risk in CRS (a) and CRS (b) at 96, 102 and 108 months, usu-
ally a decrease in CRS (c) and CRS (d) and little change in optimal vaccination age.
In CRS (d) for DENv134 and DENv234 the lifetime expected risk increases slightly.
The optimal vaccination ages together with the minimal lifetime expected risk

for all scenarios are summarised in Table 4.6. In most cases an age-dependent
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Table 4.6: The optimal vaccination age A; in months which minimises the life-
time expected risk E of lethality for all CRSs. The vaccine efficacy is
assumed serotype-specific and age-dependent as given in Table 1.1. ‘~
represents cases in which vaccination is not recommended, i.e. when
A was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay Exi04 Ay Exi04 Ay Exio4 Ay Exio4
DENv1 525 7.22 - 0.00 242 4.71 — 0.00
DENv2 833  20.85 - 0.00 500 6.81 - 0.00
DENv3 531 6.97 — 0.00 332 4.78 - 0.00
DENv4 506 6.22 — 0.00 348 4.45 — 0.00
DENv12 781  28.43 810 22.16 109 6.71 332 2.64
DENv13 531 14.18 576 7.79 165 7.04 278 2.39
DENv14 512 13.44 563 7.17 244 7.59 322 2.63
DENv23 763 28.33 794 22.19 266 7.84 395 3.34
DENv24 741 27.81 779 21.76 313 8.78 435 4.23
DENv34 518 13.20 563 7.09 298 8.23 384 3.16

DENv123 734 35.78 741 28.78 109 5.61 173 2.10
DENv124 719 35.23 726 28.27 128 6.38 221 2.26
DENv134 17 20.42 532 13.29 147 6.61 204 2.26
DENv234 705  35.06 712 28.21 198 7.08 269 2.53
DENv1234 684  42.43 691  34.92 7 5.41 152 2.01

efficacy leads to a slightly lower optimal vaccination age. In CRS (c) and CRS (d)
this is not always the case. Some combinations of three serotypes and all four
serotypes coexisting require vaccination at ages that are above those obtained for
an age-independent efficacy. Sometimes this is because vaccination is ideal fairly
early so that an increase in efficacy will increase the effect of vaccination and it

is better to delay the vaccination until individuals reach the age of 9 years.

Licence Restrictions

Almost all of the optimal vaccination ages that were obtained to minimise
the risk of lethality are very high independent of whether a constant or an age-
dependent efficacy is assumed. In fact, in CRS (a) and CRS (b) most optimal
vaccination ages are above the maximum age of 45 years. In CRS (c) and CRS (d)
vaccination is often ideal within the permitted age-range, however, there are some
optimal vaccination ages that are below the minimum age of 9 years in CRS (c).
Considering that the risk of lethality is very high at old ages and that vaccination
takes place very late to prevent an increase of the average age of infection it is

very important to determine the effect of the licence restriction in this case.
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Table 4.7:

The vaccination age A; in months which lies within the permitted age-
range for the vaccine and minimises the lifetime expected risk E of
lethality. The percentage increase from the optimal lifetime expected
risk 0% is given for any case in which the optimal vaccination age
lies outwith the permitted age-range of Dengvaxia. For cases in which
vaccination is not recommended the minimal lifetime expected risk
is zero, so that the percentage increase is given by oco. The vaccine
efficacy is assumed serotype-specific but age-independent as given in
Table 1.1.

DENv1
DENv2
DENv3
DENv4
DENv12
DENv13
DENv14
DENv23
DENv24
DENv34
DENv123
DENv124
DENv134
DENv234
DENv1234

CRS (a) CRS (b) CRS (c) CRS (d)
Ay 0% Ay 0% A 0% Ay 0%
932 — 038 00 278 — 539 00
539 10 539 00 537 — 539 00
538 <1 538 %) 368 — 539 00
539 <1 538 00 390 — 539 00
539 6 539 10 114 <1 368 —
938 — 038 <1 214 — 312 —
539 - 538 <1 264 — 342 -
539 6 539 9 313 — 429 —
539 5 539 9 348 — 458 —
538 <1 538 <1 328 — 412 —
539 4 539 5) 109 3 185 —
539 4 539 5) 115 — 221 -
538 <1 538 <1 144 — 204 -
539 3 539 5) 202 — 278 —
539 3 539 3 109 11 145 —

The ages at which vaccination should take place so that all doses are admin-

istered to individuals between the ages of 9 and 45 years and the percentage

increase from the minimal lifetime expected risk are shown in Tables 4.7 and 4.8

for a constant and an age-dependent efficacy respectively. It is clear that similar

to the risk of hospitalisation being targeted vaccination should usually take place

as close to

the ideal age as the restriction makes it possible, i.e. for ages below 9

years at 9 years and for ages above 45 years at 45 years. It can also be seen that

the negative effect of restricting the age is very limited with no more than an

11% increase from the minimal lifetime expected risk of lethality. In comparison

to the risk

of hospitalisation the restriction therefore has a much smaller impact.
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Table 4.8: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk F
of lethality denotes an optimal vaccination age conforming to the li-
cence restrictions. The percentage increase from the optimal lifetime
expected risk % is given for any case in which the optimal vac-
cination age lies outwith the permitted age-range of Dengvaxia. For
cases in which vaccination is not recommended the minimal lifetime
expected risk is zero, so that the percentage increase is given by oo.
The vaccine efficacy is assumed serotype-specific and age-dependent
as given in Table 1.1

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% Ay 0% A 0%
DENv1 525 — 538 00 242 — 539 00
DENv2 539 11 539 00 500 — 539 00
DENv3 531 — 538 %) 332 — 539 00
DENv4 506 — 538 %) 348 — 539 00
DENv12 539 6 539 10 109 — 332 —
DENv13 531 - 538 <1 165 - 278 —
DENv14 512 — 538 <1 244 — 322 —
DENv23 539 6 539 10 266 — 395 -
DENv24 539 5 539 10 313 — 435 —
DENv34 518 — 538 <1 298 — 384 —
DENv123 539 4 539 6 109 — 173 —
DENv124 539 4 539 5 128 — 221 —
DENv134 517 — 532 - 147 — 204 —
DENv234 539 3 539 5 198 — 269 —
DENv1234 539 2 539 3 109 2 152 —

4.4.3 Summary for Endemic Regions with Four Serotypes

In the previous two sections the simulation results for both the risk of hos-
pitalisation and the risk of lethality were discussed based on graphs showing the
lifetime expected risk plotted against the age at which vaccination is initiated. In
some cases it was also pointed out that a wide range of ages led to near optimal
vaccination results. Additionally the optimal vaccination age and corresponding
minimal lifetime expect risk for each scenario were presented in tables. In this
section the results for endemic regions in which all four serotypes coexist will
be visualised in forest plots to summarise and highlight some of the key points
from the previous sections in a more concise manner. The focus of this section
lies on hyperendemic settings with four co-circulating serotypes since this can be

considered the most likely case for most of the endemic regions of Brazil.
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Figure 4.11: Forest plot for each scenario considering four coexisting serotypes
with a constant vaccine efficacy. The squares mark the optimal
vaccination age, while the horizontal lines indicate the interval in
which the lifetime expected risk exceeds the minimum by no more
than 5%. These intervals give an indication of the uncertainty in
the optimal vaccination age. For CRS (c¢) when the risk of lethality
is considered, two separate intervals in which the lifetime expected
risk is at most 1.05 times as high as the minimum exist as shown
by the discontinuous horizontal line. Note that at very young ages
near-optimal vaccination is only possible at the optimal vaccination
age (at birth) or at the age of one month. The vertical dotted
line corresponds to the minimum age Ar = 9 years for vaccination
according to current license restrictions. For the risk of lethality
scenarios CRS (a) and CRS (b) are not shown because the optimal
vaccination age and interval are much higher, i.e. the intervals start
at roughly 500 months and do not end before the maximum age used
for simulation.t

In Figures 4.11 and 4.12 forest plots for both risk functions are presented for a
constant efficacy and an age-dependent efficacy respectively. The optimal vaccin-
ation ages are marked together with the range in which the lifetime expected risk
differs by at most 5% from the minimum. The dotted line marks the minimal age
of 9 years for which Dengvaxia is currently licensed in Brazil to make it easier to

identify scenarios in which near-optimal vaccination could be carried out under

Tn CRS (c) for the risk of lethality the lifetime expected risk is close to its minimum in two
distinct age intervals. Consequently there are two distinct age ranges highlighted in the forest
plot for this case. The first of these intervals is around the optimal age and very small, while
the second is larger and around the age of 6 years.
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Figure 4.12: Forest plot for each scenario considering four coexisting serotypes
with an age-dependent vaccine efficacy. The squares mark the op-
timal vaccination age, while the horizontal lines indicate the interval
in which the lifetime expected risk exceeds the minimum by no more
than 5%. These intervals give an indication of the uncertainty in the
optimal vaccination age. For CRS (c) when the risk of lethality is con-
sidered, two separate intervals in which the lifetime expected risk is
at most 1.05 times as high as the minimum exist as shown by the dis-
continuous horizontal line. The vertical dotted line corresponds to
the minimum age Ar = 9 years for vaccination according to current
license restrictions. For the risk of lethality scenarios CRS (a) and
CRS (b) are not shown because the optimal vaccination age and in-
terval are much higher, i.e. the intervals start at roughly 500 months
and do not end before the maximum age used for simulation.?

the current restrictions. For the risk of hospitalisation all four CRSs are included
in the plots, while for the risk of lethality only CRS (c) and CRS (d) are shown.
The reason for leaving out the CRSs which do not consider PCI is that this would
have led to significantly less detail in the other cases as the optimal vaccination
ages were far higher than those shown in the plots and the range in which near
optimal vaccination could be achieved was very large.

From Figure 4.11 it can be observed that for the risk of hospitalisation in

2Again in CRS (c) for the risk of lethality the lifetime expected risk is close to its minimum
in two distinct age intervals. Consequently there are two distinct age ranges highlighted in
the forest plot for this case with the first at very low ages and the second just after 108
months since at this age the efficacy increases abruptly. Note that this jump in efficacy is also
responsible for the one sided intervals around the optimal age in CRS (a) and CRS (d) for the
risk of hospitalisation.
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CRS (c) and CRS (d) the range in which vaccination should take place to achieve
the best results with a constant vaccine efficacy is more limited than in CRS (a)
and CRS (b). Interestingly in the case of lethality in CRS (c) vaccination should
be carried out at birth to achieve the minimal lifetime expected risk. However,
much later in life there is a small age-range in which very good results could be
achieved. Also, while CRS (a) and CRS (b) are not shown for the risk of lethality
it can be deduced that the optimal vaccination age is indeed much higher than
for the risk of hospitalisation. Considering near-optimal vaccination ages this is
even true for CRS (c).

In the case of an age-dependent efficacy as shown in Figure 4.12 the observa-
tions for CRS (a) and CRS (b) still hold in the case of lethality. Additionally the
gap in the age-range in which near-optimal results could be achieved for CRS (c)
can also still be seen in this case. Indeed, for the risk of lethality very little change
can be observed for any CRS other than CRS (c). However, the large effect of the
age-dependent efficacy for the risk of hospitalisation becomes very apparent by
comparing the two forest plots. Due to the increase in efficacy at 9 years, i.e. 108
months, all CRSs have an optimal vaccination age and near-optimal range above
the minimum age for Dengvaxia with the exception of CRS (c). In CRS (c) it is
least effective to delay vaccinating individuals since primary infections are risky,
but post-secondary infections do not need to be targeted.

Note that the graphs also highlight the uncertainty of the optimal vaccination
ages due to the sometimes very large ranges in which near optimal results could
be achieved. This is an important point especially in light of the limited reliability

of the data that was used to obtain these results.

4.5 Conclusions

In this chapter a simplified version of a dengue transmission model, which was
derived and analysed in Chapter 3, was used to find the optimal vaccination age
for dengue in Brazil. In particular the model was used with a constant human
death rate and a constant rate at which humans get bitten by mosquitoes.

While the model describes the transmission dynamics of a single serotype
only, the use of the lifetime expected risk makes it possible to include cross-
reactions between the different serotypes. In particular CRSs based on ADE (risk-
free primary infections) and PCI (asymptomatic post-secondary infections) were
considered. The assumption of risk-free primary infections is based on the com-

monly accepted theory that secondary infections are more risky than primary
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ones [73, 87]. Another common theory is that after two heterologous infections
subsequent infections do not generally cause serious symptoms [53, 54, 115] so
that relating to PCI after two heterologous infections third and fourth infections
were considered to be asymptomatic. However, concerning ADE it is important
to point out that while Burattini et al. [29] have found little difference in hospital
admissions between primary and secondary infections this does not necessarily
contradict secondary infections being more risky since primary infections are of-
ten asymptomatic. The CRSs therefore correspond to all infections being risky,
primary infections being risk-free, post-secondary infections being risk-free and
only secondary infections being risky respectively.

The differences between the serotypes were taken account of by using serotype-
specific parameters and functions for the vaccine efficacy ¢, the effective repro-
duction number R, and the rate of decay of maternal antibodies C'(a). The
vaccine efficacy was first assumed constant over all age-groups and then depend-
ent on whether a dose was administered to individuals aged younger than 9 years
or not. The effective reproduction number for each of the serotypes was de-
termined from case report data collected through SINAN between 2000 and 2014.
This required determination of the serotype-specific force of infection according
to Equation (4.3) for a specific vaccination strategy. Vaccination in the routine
vaccination calendar without any catch-up campaigns was aimed at minimising
the lifetime expected risk due to dengue. We also considered the vaccination ages
for which Dengvaxia is licensed. Once the force of infection for each serotype is
known the lifetime expected risk can be determined. This was done for both the
risk of hospitalisation and the risk of lethality as derived from pre-vaccine data
in the previous chapter.

The different CRSs lead to different risks being associated with primary, sec-
ondary, tertiary and quaternary infections. Vaccination was assumed to corres-
pond to a silent natural infection, so that the risk of an infection was the same
for an individual with one prior natural infection as for an individual who was
successfully vaccinated against one serotype before being infected. The optimal
vaccination ages were determined for endemic areas with any possible combina-

tion of serotypes.

The results when the aim of vaccinating is to minimise the risk of hospital-
isation are summarised in Tables 4.2 and 4.3 for a constant and age-dependent
vaccine efficacy respectively and similarly in Tables 4.5 and 4.6 for lethality. The
two studied risk functions are highly correlated since we expect that the more

dengue cases are treated in hospital, the more deaths will be caused. However,
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for the risk of lethality the risk at older ages by far surpasses the risk for children,
which is not the case for hospitalisation. The high risk at older ages for lethal-
ity resulted in much higher optimal vaccination ages than for hospitalisation in
almost all cases independent of whether efficacy was assumed constant or age-
dependent and which CRS was considered. The reason for this is that in the case
of lethality an increase of the average age of infection will lead to more high risk
cases. It is therefore better not to shift this age too much. This is most easily
done by vaccinating after most infections have occurred but before those at very
high risk ages take place. For hospitalisation on the other hand increasing the
average age of infection results in an overall lower risk and therefore it is best to
vaccinate earlier.

For a single serotype in circulation it is not recommended to vaccinate if
primary infections are risk-free, i.e. in CRS (b) and CRS (d). However, vaccination
might be administered in order to prevent the invasion of another serotype. In
this case the risk of invasion needs to be balanced out with the risk caused by the
existing serotype. If vaccination takes place early an invasion might be success-
fully prevented, but from the graphs corresponding to CRS (b) and CRS (d) with
a single serotype in circulation (cf. Figures 4.1, 4.5, 4.6 and 4.10) it can be seen
that an early vaccination age leads to a high lifetime expected risk. This is due
to the fact that the vaccine may not be successful against the existing serotype
but against other serotypes and therefore an infection after successful vaccination
can be a secondary, tertiary or quaternary infection. The natural infection will
therefore be risky and would not have been without vaccination. A late vaccin-
ation age carries less risk of an infection with the existing serotype being a risky
infection, but the vaccine will be less likely to prevent another serotype invading.

For the risk of hospitalisation and a constant vaccine efficacy all vaccination
ages in CRS (a) and CRS (c) were found to be far below 9 years. The only exception
was DENv2 existing on its own in CRS (a). In this case the risk can be minim-
ised by vaccinating at the age of 311 months. In CRS (d) some combinations of
three and four serotypes also resulted in optimal vaccination ages below the min-
imal age Dengvaxia is licensed for. For an age-dependent efficacy, however, only
combinations of three and four coexisting serotypes in CRS (c) including DENv1
resulted in optimal ages below the minimum. On the other hand, when the risk
was assumed to be lethality and the efficacy constant most serotype combinations
in CRS (c) and CRS (d) resulted in vaccination ages adhering to the current licence
restriction. However in CRS (a) and CRS (b) many of the optimal vaccination ages

were found to be above 45 years. This was also the case for an age-dependent
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efficacy. In fact the assumption of an age-dependent efficacy had much less effect
on the optimal vaccination age in the case of lethality than in that of hospitalisa-
tion. However, in the case of hospitalisation the increase in efficacy resulted in a
drop in lifetime expected risk while the overall behaviour of the lifetime expected
risk as a function of vaccination age remained mostly unchanged. An exception
to this was found to be DENv2 existing on its own in CRS (b). In this case jumps
instead of drops in the lifetime expected risk could be observed due to the higher
probability of DENv2 being a post-vaccine infection if the efficacy for the other
serotypes increases. For the risk of lethality the behaviour was very different
with an increase in lifetime expected risk in CRS (a) and CRS (b). For DENv4 the
risk initially rises but then falls. The increase in risk as the higher efficacy of
the older age group becomes relevant is due to the average age of infection rising
more if the efficacy is higher which is not desirable if the risk of lethality is be-
ing minimised. In CRS (c) and CRS (d) most serotype combinations showed drops
in the lifetime expected risk at 96, 102 and 108 months similarly to the case of
hospitalisation since the increase in average age of infection is not as relevant if
most infections are risk-free post-secondary infections. However, in CRS (d) the
serotype combinations DENv134 and DENv234 show increases as well due to the
presence of DENv4.

In Brazil Dengvaxia can only be used in individuals between the ages of 9
and 45 years. With many of the determined optimal vaccination ages below the
minimum of 9 years for the risk of hospitalisation to be reduced and above the
age of 45 years when lethality is targeted it is important to further investigate
the age at which the vaccine should be administered under current restrictions.
In particular the age for the first dose needs to be limited to be between 108 and
539 months for all three doses to be given between 9 and 45 years. The resulting
ages at which vaccination should take place together with the percentage increase
of the lifetime expected risk from its minimum are summarised in Tables 4.4, 4.7
and 4.8 for the risk of hospitalisation with a constant efficacy, the risk of lethality
with a constant efficacy and the risk of lethality with an age-dependent efficacy
respectively. In the case of hospitalisation with an age-dependent efficacy most
of the optimal vaccination ages were already within the permitted age-range.
The few that were below 9 years require vaccination at 9 years and lead to a
fairly low percentage increase (between 5% and 28%). For an endemic region
with a single serotype it is not recommended to vaccinate in CRS (b) and CRS (d).
In all other cases with an optimal vaccination age below 9 years it is best to

vaccinate as soon as possible after the actual minimum is reached, i.e. at 9 years.
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For hospitalisation this age-restriction leads to only a small increase in lifetime
expected risk of no more than 15% in CRS (a) and CRS (b). If post-secondary
infections are considered asymptomatic, i.e. in CRS (c) and CRS (d), the lifetime
expected risk increases by up to 200%. For the risk of lethality most optimal ages
in CRS (c) and CRS (d) are already within the permitted age-range. In CRS (a)
and CRS (b) ideally vaccination takes place later in life so that under current
restrictions it is best to vaccinate at 45 years. Vaccinating at this age results in
a percentage increase of the lifetime expected risk of no more than 11% which
is comparable to the increase for hospitalisation in these CRSs but significantly
less than in CRS (c) in the case of hospitalisation. The assumption regarding the
age-dependence of the efficacy has very little effect on this increase when lethality
is being considered.

The risk functions of hospitalisation and lethality were used as substitutes
for severe dengue cases. Severe symptoms are considered more likely in second-
ary infections. If this is indeed the case CRS (b) and CRS (d) which consider
risk-free primary infections, are more realistic. The optimal vaccination ages in
these CRSs are in general much higher than the corresponding results for risky
primary infections. This is to be expected since vaccination is unnecessary prior
to a primary infection if this infection carries no risk for the infected individual.
In fact for the risk being hospitalisation almost all optimal vaccination ages in
CRS (b) and CRS (d) were found to be in the permitted age-range of 9 to 45 years
independently of whether efficacy was assumed constant or age-dependent. For
lethality most optimal vaccination ages in CRS (d) were found to be within the
permitted age-range, but in CRS (a) and CRS (b) many of the optimal vaccina-
tion ages were found to be above 45 years. Assuming asymptomatic third and
fourth infections based on few such infections being observed, i.e. CRS (c) and
CRS (d), resulted in lower optimal vaccination ages than the corresponding cases
in CRS (a) and CRS (b). Again this is to be expected since vaccination after a
secondary infection has no effect if post-secondary infections are risk-free even
without vaccination.

Overall the optimal vaccination ages varied significantly for the number of
co-circulating serotypes as well as for the specific serotype combinations. The
considered CRSs also played an important role. Particularly for the risk of hospit-
alisation the optimal vaccination ages are highly dependent on all assumptions. In
CRS (a) and CRS (c) with a constant efficacy they lie between 16 and 311 months,
for an age-dependent efficacy most are 109 months, however some are as low as
16 months or as high as 306 months. In CRS (b) and CRS (d) the optimal age is
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between 64 and 452 months with a constant efficacy and between 109 and 440
months with an age-dependent efficacy. On the other hand for lethality and a
constant efficacy the optimal vaccination ages are between 532 and 840 months in
CRS (a) and CRS (b), between 0 and 537 months in CRS (c¢) and between 145 and
458 months in CRS (d). For an age-dependent efficacy the optimal vaccination

ages are very similar if lethality is being minimised.

As pointed out before, the optimal vaccination ages vary significantly. This
was due to a number of different factors each of which reflects some modelling
assumption. Clearly it is necessary to make some assumptions so as to be able to
express the dynamics mathematically. However, the limitations of these assump-
tions need to be kept in mind for the interpretation of the results.

One of the main assumptions in the presented model is the age-independence
of the force of infection. It is much more realistic that the transmission of dengue
is somewhat influenced by age as the behaviour of adults and children is very
different when it comes to spending time outside or preventing exposure to mos-
quitoes. However, as a first approximation a constant biting rate and thus force
of infection was assumed. As a consequence the largest age-dependent impact in
the modelling framework arises due to the age-dependence of the risk functions
themselves. This explains the significant differences between the optimal vaccin-
ation ages for the risk of hospitalisation and lethality in some of the considered
scenarios. In Section 3.3.2 the two risk functions were derived from SINAN data.
However, the data that was used for this purpose has a number of limitations
such as the fact that SINAN collects dengue related medical data all over Brazil.
The risk functions are therefore an average over the entire country. Considering
the scale and climate zones that the country covers this is somewhat problematic
since the risk in any specific part of the country may be very different from the
average. The average was used as an approximation due to a lack of more refined
data but it should be kept in mind that for a particular endemic region it would
be advisable to determine the risk and carry out the analysis rather than to take
the presented optimal vaccination ages at face value.

The derivation of the effective reproduction numbers that are a key parameter
of the model can similarly be criticised since again the average is chosen. It was
already discussed in Section 4.3 that the climatic conditions across Brazil vary
and with them the beginning of epidemics. Indeed, some epidemics may be too
localised to have been recorded as a country-wide epidemic in the SINAN data and

the effective reproduction numbers might have been much higher if epidemics
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had been considered at a smaller scale. It needs to be kept in mind that the
optimal vaccination ages considerably depend on the reproduction number. Using
a country-wide average for such an important model parameter can therefore only
yield an indication and the results should only be applied if the endemic region
is somewhat representative of the average behaviour.

Despite the implications form the model assumptions the results presented
in this chapter demonstrate that in order to chose the most effective vaccination
campaign it is crucial to determine which serotypes are endemic in the targeted
area as well as to carefully consider the main aim of vaccination. Particularly
serotype combinations including DENv2 showed a slightly different behaviour for
both risk functions which underlines just how important it is to know which
serotypes are present. The vaccine efficacy was assumed to be constant or age-
dependent and the optimal vaccination ages varied significantly based on this
assumption. It is being argued that the higher efficacy in children above the
age of 9 years most likely depends on the presence of antibodies due to prior
infections and is not due to the age per se [6, 74]. This would imply that the
efficacy of Dengvaxia is poor for individuals without a prior dengue infection and
only slightly better for individuals who have been infected before. Consequently
results using a constant, age-independent vaccine efficacy should be considered
more realistic if this is true. In any case the vaccination ages that were obtained
give an indication only as to when the vaccine should be administered. This is
due to simplifications such as modelling the transmission dynamics independently
for the four serotypes, assuming a constant biting rate which results in an age-
independent force of infection and the use of a constant human death rate ppy
which is a commonly used approximation in epidemiological modelling but is not

necessarily suitable to reflect actual population dynamics in Brazil.
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Chapter

Optimal Vaccination Age with an

Age-Dependent Biting Rate

5.1 Introduction

In the previous chapter optimal vaccination ages for different scenarios were
obtained from a model using a constant biting rate and a constant human death
rate. These simplifications made the model easy to analyse in the first instance.
However, the population dynamics in Brazil are poorly described by a constant
death rate and data shows that humans get bitten by mosquitoes at different rates
depending on their age. More accurate vaccination ages can be found by using an
age-dependent biting rate based on mosquito biting data and by describing the
death rate of humans by a step-death function which is more realistic for Brazil.
Additionally, in the previous chapter there was not assumed to be any difference
between naturally acquired antibodies and vaccine-induced antibodies. However,
in the long-term follow-up of the Dengvaxia trials an increased risk of requiring
hospital treatment has been observed in seronegative recipients (cf. Section 1.4).
It is important to consider this increased risk as it might mean that vaccination
can do more harm than good. Particularly the effect on the optimal vaccination
age is of interest when considering vaccine-induced risk.

In this chapter a model with a step-death function and an age-dependent
biting rate will be used to determine the optimal vaccination age for dengue
more precisely. The theoretical work required to determine the lifetime expected
risk and thus the optimal vaccination age was, for the most part, carried out in
Chapter 3. However, a brief summary of all important results will be given in the
following section. Particularly expressions for the force of infection and the basic

reproduction number of the model will be presented. The serotype-specific effect-
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ive reproduction numbers will then be derived from the initial phase of recorded
dengue outbreaks in Brazil similarly to how this was done in the previous chapter.
Subsequently the lifetime expected risk will be computed based on hospitalisation
and lethality when no vaccine-induced risk is considered. Additionally vaccine-
induced risk will be considered for the risk of hospitalisation as this risk seems
to depend on the infection and vaccination history of the recipient. In the case
of lethality no increased risk has been observed so far and therefore only results
considering the infection history but not the infection and vaccination history of
recipients will be presented. The optimal vaccination age to minimise each of the
considered risks will be determined for all four CRSs and both for a constant and
an age-dependent vaccine efficacy. In the case of vaccine-induced risk the risk is
assumed to be age-dependent only when the vaccine efficacy is age-dependent as
well. For optimal vaccination ages found outwith the permitted age-range of 9
to 45 years the vaccination age will be constrained and the ideal vaccination age
adhering to the Dengvaxia licence will be determined. Finally the results will be

summarised and the effect of the different assumptions will be discussed.

5.2 Model Assumptions

The model given in Equations (3.3) to (3.5) uses a general age-dependent
human death rate py(a) and an age-dependent rate g(a) at which mosquitoes
bite humans. The steady-state force of infection for the human population, as
well as two expressions for the basic reproduction number of the model were
derived in Chapter 3. In the absence of data relating to the age-dependence
of deaths in the human population it is possible to describe the rate at which

humans die by a step-death function, i.e.

0, 0<a<l[,
pm(a) = (5.1)
00, L<a< oo,

where L is the expected lifetime. This is a more accurate description of the
population dynamics in Brazil than the commonly used constant death rate. The
expected lifetime in Brazil can be taken from the literature as 73.8 years [153]; no

additional data is required. The corresponding survival probability is given by

o 1, 0<a< [,
Tu(a) =e” Jo mr(s)ds (5.2)
0, L<a< .
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Figure 5.1: Biting rate data showing the recorded mosquito bites per night for
individuals aged 0 to 56 years (blue dots) [99] and the fitted age-
dependent biting rate q(a) = kjae "¢ (red line).

The equilibrium age-distribution for humans with a step-death function is thus

Ng(a) = ]\gIWH(a). (5.3)

To be able to more accurately predict the optimal vaccination age for dengue
the model will further be used with an age-dependent mosquito biting rate g(a).
Mosquito bites per night for humans of age 0 to 56 years have been recorded in
Brazil as shown in Figure 5.1 and the biting rate can therefore be described by a

function of the type
q(a) = kyae "¢ (5.4)

where k; = 282.7year™! and ky = 0.08593 year—! were obtained by fitting the
function to the data (cf. Figure 5.1). The differences between how often mosqui-
toes bite humans of a certain age might be due to different behaviours amongst
other factors, e.g. children are less aware of the danger mosquito bites pose and
therefore more likely to not use prevention methods such as long sleeves or mos-
quito repellents.

Using an age-dependent biting rate should in theory increase the accuracy of
the model. However, it is important to note that the reliability of the data is a
key factor when it comes to accuracy. The data presented in Figure 5.1 clearly
shows some uncertainties which can be seen as the number of reported bites is

zero for a significant part of the recorded ages. This may be caused by a number
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of different reasons such as that some test subjects might have been less rigorous
when reporting the number of bites. Additionally a small trial cohort and thus
relatively few data points for each recorded age could have caused this uncertainty.
Other factors such as spatial heterogeneity might also have influenced this data set
significantly, i.e. it is possible that some test subjects simply lived in areas where
much fewer mosquitoes existed and thus reported fewer bites. These problems
relating to the dataset are a general problem with respect to mosquito biting
data and only a large study cohort could potentially lead to a higher certainty.
Independent of the mode of collection and the size of the studied cohort it is also
relevant to note that Aedes aegypti mosquitoes are known to be day-biters, i.e.
they are most active just after sunrise and just before sunset and less so during
the night. The data presented in Figure 5.1, however, records the number of bites
per night. This data might therefore not be a particularly good representation
for the main dengue vector but will be used due to the lack of a more accurate
dataset. The uncertainties relating to the biting rate data must be kept in mind
as they will have an effect on the optimal vaccination ages that are derived later
on in this chapter.

Assuming the biting rate to be age-dependent results in the age-dependent
force of infection Ay (a,t) = bg(a)l M(t)N%, for the human population. At the
steady-state it is given by Equation (3.15). Similarly the expressions for the
reproduction number derived intuitively and via linearisation are given by Equa-
tions (3.19) and (3.22) respectively. By setting C'(a) = 1, as this is the case for
almost all ages due to the rapid decline of maternal antibodies, Equations (3.19)
and (3.22) yield

mbce HMT k% [4/{5’000 + (kg — ’YH)2 (ko 4+ va) wr + k2w2)]

Ry ~
O L Ak (ks + v1)? (ks — 71 )°

(5.5)

and Ry %4k§’w0 + (k2 — )" [(52 + vu) W12+ Feaws]
par (ko + ver)™ (k2 — )

e (pnr + ) (kg + v + 04)2 (ko — yu — CV)Q
Akiws — (ka + v + 04)2 (k2 — v — @) wi + kowy)
(5.6)

respectively, where « is the initial exponential growth rate at the beginning of an
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epidemic and

wo = [(kaL +1)° — A3 L2 e72E — [(hy + ypy) L+ 1] e Rtk
wy =1 —[(koL + 1) 2ky L + 1] e~ k2L

wy =1 — (2koL + 1) e~ 22 and

wy =1—[(ky +vg + ) L+ 1] e~ ketrmtall,

The force of infection can therefore be expressed in terms of Ry by

Ak (ks +v)* (ks — v1)”
 AKSwo + (k2 — vm)” (k2 + var) wi + kows]
- C

14+ — [ ) d
+ vorL Jo° q(a)i(a)my(a) da

q(a)Ro [y q(a)i(a)Ty(a) da

Aa)
(5.7)

The biting rate (and hence the force of infection) significantly declines for
ages higher than 20 years and tends to zero for older ages. A consequence of this
is that infections mainly occur in young individuals and the chance of getting
infected is very low at older ages. This seems reasonable considering that dengue
is commonly considered a childhood disease. However, in the next chapter it will
be seen that the serological profile in Brazil indicates a residual force of infection.
Such a residual force of infection means that older individuals remain at risk of

infection even though the risk is much lower than that for children.

In order to determine the steady-state force of infection for each of the sero-
types it is again necessary to obtain serotype-specific estimates for the effective
reproduction numbers from case report data. This will be done in the next section
in the same manner as for a model with a constant biting rate and a constant

human death rate.

5.3 Effective Reproduction Numbers

All dengue outbreaks in Brazil are recorded through SINAN. Data from 2000
to 2014 showed that each serotype was responsible for several outbreaks in the
covered period. This data can thus be used to find approximations for the effective
reproduction number of each serotype individually very similarly to the previous
chapter (cf. Section 4.3), i.e. by using Equation (5.6) with the model parameters
as given in Table 3.1 and additionally k; = 282.7 year—!, ky = 0.08593 year~! and

L = 73.8 years. Again the average exponential growth rate o was determined from
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all epidemics in the whole of Brazil and the upper and lower bounds for a from
the mildest and strongest epidemic in any one of the five regions North, North-
East, South, South-East and Centre-West. The effective reproduction numbers
and upper and lower bounds are thus obtained as given in Table 5.1.

The exact values of the effective reproduction numbers are significantly influ-
enced by the choice of the weeks that are considered to correspond to the start of
an epidemic since there are climatic differences between the regions. It is therefore
important to note that the effective reproduction numbers for both a constant
and an age-dependent biting rate were obtained by considering the same weeks to
correspond to the start of an outbreak, i.e. the same values for o were used in the
calculations. By comparing Tables 4.1 and 5.1 it can therefore be seen that the
assumption of a step-death function for humans and an age-dependent mosquito
biting rate as opposed to a constant death rate and a constant biting rate have
little effect on the effective reproduction numbers obtained from the initial phase
of an outbreak. Note that while the two tables show no difference for the lower
bounds there is in fact a difference of order 1076 to 107°.

Having obtained the effective reproduction number for each of the serotypes it
is now possible to compute the serotype-specific forces of infection at the steady
state from Equation (5.7). In particular \;(a) = &q(a) was substituted and
& determined. The forces of infection in turn are necessary to determine the
lifetime expected risk and thus the optimal vaccination age. In the next section
the results obtained for the different CRSs will be presented for a number of
different assumptions relating to the risk of dengue and the vaccine efficacy of

Dengvaxia.

Table 5.1: Estimates of the serotype-specific effective reproduction numbers ob-
tained from the initial exponential growth rate of epidemics when the
transmission dynamics are modelled with an age-dependent biting rate
and a step-death function for the human population. The data com-
prises all epidemics in Brazil between 2000 and 2014 for each serotype.
The upper and lower bounds are taken from the highest and lowest
exponential growth rates of the outbreaks in the regions North, North-
East, South, South-East and Centre-West during the same period.

Serotype R, lower bound upper bound
DENv1 4.7045 1.2230 6.1777
DENv2 2.9942 1.3745 8.5133
DENv3 4.2974 1.4341 13.4129
DENv4 4.1864 1.8291 4.8711
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5.4 Optimal Vaccination Age

The lifetime expected risk for any combination of the four dengue serotypes
can be computed from Equation (3.28) even though the model described in
Chapter 3 is a single-serotype model. The definition of the lifetime expected risk
makes this possible and can further be used to incorporate vaccine-induced risk.
In particular, if it is assumed that vaccinated individuals experience the same
risk as unvaccinated individuals who have antibodies to the same serotypes, the
lifetime expected risk is calculated from the expected risk of an infection with
serotype i at age a given by Equation (3.27). In this case only the infection
history of an individual is relevant and successful vaccination is considered to
be a silent infection. On the other hand, if the risk is assumed to depend on
whether antibodies were acquired due to a natural infection or successful vac-
cination, the expected risk of an infection with serotype 7 at age a needs to be
defined by Equation (3.26). This means that the infection and vaccination his-
tory is decisive in how risky an infection is for any individual. The reason to
consider vaccine-induced risk is that an increased number of hospitalisations was
observed in the long-term follow-up phase of the Dengvaxia trials particularly for
seronegative vaccine recipients. This increased risk further seems to depend on
the age of the recipient as shown in Table 1.2. With no such observations for the
risk of lethality for the time being vaccine-induced risk can only be considered for
the risk of hospitalisation. In this chapter optimal vaccination ages will therefore
be determined for the risk of hospitalisation when the vaccine is assumed not to
cause an increased risk, for the risk of hospitalisation with a vaccine-induced risk
according to the observed number of hospitalisations in the vaccine trials and for
the risk of lethality without such a vaccine-induced risk.

In the previous chapter it could already be seen that the optimal vaccination
strategy aiming at minimising the risk of hospitalisation or lethality is influenced
by a multitude of different factors, from the number and combination of exist-
ing serotypes, to the different CRSs and whether the vaccine efficacy is assumed
constant or age-dependent. In this chapter all of these factors will therefore be
considered for each of the three definitions of the lifetime expected risk (hospit-
alisation, hospitalisation with vaccine-induced risk and lethality). The case of
hospitalisation and hospitalisation with vaccine-induced risk will be discussed in
detail for a constant vaccine efficacy and briefly for an age-dependent vaccine
efficacy. For the risk of lethality all results will be presented but only those for an
endemic area with a single serotype in circulation will be considered to highlight

any differences. Additionally the vaccination age will be restricted wherever the
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optimal vaccination age lies outwith the age-range of 9 to 45 years to determine
the ideal vaccination strategy under current Dengvaxia licence restrictions and

determine the effect of these restrictions on the achievable lifetime expected risk.

5.4.1 Minimising the Risk of Hospitalisation

Let the aim of vaccination be the largest possible reduction of hospital ad-
missions due to dengue when the vaccine does not lead to any increase in hos-
pitalisation risk. All possible combinations of serotypes as well as the different
CRSs need to be considered so as to enable policy makers to choose the best
vaccination strategy for a specific endemic region. One of the many aspects of
Dengvaxia that is still being challenged is the vaccine efficacy and whether it does
depend on the age of the recipient or not. It is argued that the serostatus of the
recipient and not the age per se determines the efficacy [4, 5]. Optimal vaccin-
ation ages will therefore be presented for a constant vaccine efficacy while the
effect of an age-dependent efficacy will subsequently be discussed for an endemic
area with two endemic serotypes. Both the constant and age-dependent efficacies
are given in Table 1.1. Additionally the optimal strategy under current licence
restrictions will be presented and the consequences of this highlighted for both

efficacy assumptions.

Constant Vaccine Efficacy

To begin with consider an endemic area with a single serotype in circulation.
This is not a typical setting for dengue in Brazil where usually all four serotypes
coexist. However, it can be used to understand the differences between the four
serotypes more easily than in the case of several coexisting serotypes. Recall that
Dengvaxia is a tetravalent but imperfect vaccine, i.e. it is not 100% effective but
aims to prevent infections caused by all four dengue serotypes. In fact, the effic-
acy varies for the four serotypes. Due to Dengvaxia not being completely effective
against all serotypes it is possible that even though only one serotype is endemic,
an infection with this serotype after vaccination can be a primary, secondary,
tertiary or quaternary infection. For this reason all four CRSs, CRS (a)-(d), need
to be considered even if not all four serotypes coexist. In particular these CRSs
correspond to combinations of risky or risk-free primary infections and sympto-
matic or asymptomatic post-secondary infections. For an endemic region with a
single serotype the lifetime expected hospitalisation risk as a function of the age

at which the first of the three vaccination doses is administered is presented in
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Figure 5.2 where the subfigures (a)—(d) are numbered according to the CRSs. The
optimal vaccination age is reached at the minimal lifetime expected risk.

The most striking observation from Figure 5.2 is that the lifetime expected
risk can hardly be reduced if vaccination is only administered once individuals are
older than approximately 20 years and cannot be improved at all for vaccination
above 30 years of age. This is independent of the considered CRS and is due
to the mosquito biting rate which determines the age-dependence of the force of
infection. Infections mainly occur in young individuals as mentioned earlier since
the biting rate tends to zero for ages above 30 years (cf. Figure 5.1). Consequently
vaccination can only prevent infections if it is administered to individuals who
may still get infected. This is much less likely for those older than roughly 30
years so vaccination above this age has very little effect on the lifetime expected
risk.

In CRS (a) all infections have some risk associated with them. From Fig-
ure 5.2a it can be seen that in this case the optimal vaccination age for all four
serotypes is very low, between 9 and 23 months. While the optimal vaccination
ages are fairly similar the risk due to the different serotype varies. DENv1 and
DENv2 in particular lead to a higher lifetime expected risk at young ages, i.e. a
higher optimal lifetime expected risk, than DENv3 and DENv4. At older vaccina-
tion ages the risk is almost the same for all serotypes with that caused by DENv2
slightly below that of the remaining three serotypes. The reason for this is that
at young ages a higher vaccine efficacy results in more prevented infections and
therefore in more prevented hospitalisations, i.e. the higher the efficacy the lower
the risk. This can be seen from DENv1, DENv3 and DENv4 in particular since the
effective reproduction numbers for these three serotypes are rather similar but
the efficacy varies from just under 55% for DENv1 to just over 70% for DENv3 and
up to 77% for DENv4. However, it is important to vaccinate only once maternal
antibodies have declined enough to make successful vaccination possible. Mater-
nal antibodies decline faster for DENv3 than for DENv4 [119] so that at very young
vaccination ages the risk due to DENv3 is lower even though the efficacy is not
quite as high as for DENv4. At older ages only a few or even no infections can be
prevented independent of the vaccine efficacy due to the age-dependence of the
force of infection. Maternal antibodies have completely declined and do not play
any role at older ages. The decisive factor is therefore the effective reproduction
number: the lower the effective reproduction number the lower the risk. The
effective reproduction number is lowest for DENv2 and thus the lifetime expec-

ted risk is lowest for this serotype. The effective reproduction numbers of the

130



‘AToaryoadsar (p)-(e) s oYy 01 puodsor1od (p)—(e) semndyqns oy, "1'T O[(R], Ul USALS
se juopuadopur-oge Jnq dYads-0dA10I0s powunsse ST ADRIIJO 9UIDIRA T[], "PIIIISIUIWIPR ST 9SOP SUIIIRA ISIY 9} [DIYM IR
I}/ 98® Jo moI1pounj © se $9s1xo odA10I0S 9[SUIS © 9IoYM BIIR DIWIPUS Ue Ul UOIYesI[R)Idsor] JO /7 YSLI Pa1oadxe oWIIefI] o], :g'G 9IN3I ]

"0d£)010s AU® I0J POPUSTUUIOIAI J0U ST UOIpeurddeA (p) 0dA1010s Au® I0] POPULTIIIOIDI JOU ST UOTJRUIIRA (q)
syjyuowr ur Ly syjuowr ur Ly
08V 09¢ ove 0cT o . (03327 09¢€ ove 0ctT o _ .
f i i 00°0 i i i 00°0
— c0'0 — 70°0
H H
— —¥0°0 — 80°0
90°0 ¢c1'0
"AToA1100ds "AToA1100ds
-1 syjuow LT pue 1 ‘FI ‘ST oI ¥aANAd PUe €ANAd -o1 SYJUOW €7 PUB FT ‘G ‘FI 218 FPANHA PuUe gANAd
‘TANHA  ‘TANAQ 10 soSe uorjeumoea [ewijdo oy, (9)  ‘GANHA ‘TANHA 10 soSe uorjeumoea [ewrdo otJ, ()
syjuowr ur Ly syjuow ur Ly
08¥% 09¢ ove 0cT o . (03327 09¢€ ove 0cT o _ .
| | | | 00°0 | | | | 00°0
— —40°0 — L0°0
H H
- —{v10 = -|vro
f f f 12°0 f 12°0

131



remaining serotypes vary only slightly and thus the risk due to those serotypes is
almost the same if vaccination takes place at older ages.

If primary infections are risk-free but tertiary and quaternary infections symp-
tomatic as shown in Figure 5.2b, i.e. in CRS (b), vaccination is not recommended
at all. The lifetime expected risk is zero if only a single serotype is endemic but
primary infections are risk-free and thus vaccination cannot reduce the risk. In
contrast, vaccination will only increase the risk. This has the exact same reasons
as in the case of a constant biting rate and a constant human death rate, i.e. the
tetravalence of the vaccine and the fact that the vaccine is imperfect. Success-
ful vaccination against any serotype other than the endemic serotype causes an
infection to be a risky, post-primary type infection when without vaccination it
would have been a risk-free, primary infection. Even though the effective repro-
duction number of DENv2 is low in comparison to the other serotypes the risk
is most negatively affected for this serotype. The low efficacy for DENv2 means
that it is more likely that individuals are successfully vaccinated against other
serotypes and not immunised against DENv2. A subsequent natural infection is
therefore more likely in an endemic region with only DENv2 than any other sero-
type and thus the lifetime expected risk is highest if vaccination takes place and
only DENv2 is endemic. From Figure 5.2b it can also clearly be seen that vaccin-
ation above a certain age has almost no negative effect (even for DENv2) as the
lifetime expected risk is almost zero. This is again due to the age-dependence of
the force of infection since only very few natural infections are expected to occur
after vaccination.

CRS (c) is presented in Figure 5.2c. In this case only primary and secondary
infections have an associated risk, tertiary and quaternary infections are asymp-
tomatic and therefore risk-free. The effect of this is noticeable in comparison to
CRS (a) both through the optimal vaccination age and the lifetime expected risk
for the different serotypes. The optimal vaccination ages are still very low but
vary even less; they are between 13 and 17 months. Similarly the lifetime expec-
ted risk is almost identical at all ages independent of which serotype is endemic
and increases quickly after the minimum is reached. This is due to the fact that
vaccination after a secondary infection will no longer have any effect. The op-
timal vaccination age will now depend not only on the endemic serotype but on
other serotypes as well since successful vaccination against at least two serotypes
is sufficient to prevent all risky infections after vaccination. The vaccine efficacy
is particularly high for DENv3 and DENv4 so that if vaccination against these two

serotypes can be carried out successfully there will not be any post-vaccination
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infection in regions where DENv3 or DENv4 is endemic and in regions where DENv1
or DENv2 is endemic an infection after vaccination will be at least a tertiary in-
fection and therefore risk-free. In comparison to CRS (a) the lifetime expected
risk is lower for any of the serotypes as would be expected since not every type
of infection is risky. The effect is most pronounced for DENv1 and DENv2 since in
the case of risk-free secondary infections the low efficacy against these serotypes
is not as relevant due to the high efficacy against DENv3 and DENv4.

The last CRS considers only secondary infections to be risky. This scenario is
presented in Figure 5.2d. It can immediately be seen that vaccination is again not
recommended. After considering CRS (b) this was to be expected since without
vaccination there is no risk when only a single serotype is endemic and primary
infections are risk-free. The fact that tertiary and quaternary infections are as-
sumed risk-free as well in CRS (d) leads to a lower lifetime expected risk in the
case of vaccination than in CRS (b) since only secondary infections are risky as
opposed to all post-primary infections, i.e. if vaccination is successful against two
serotypes the individual is again at no risk in CRS (d).

In the previous chapter an endemic area with a single serotype showed that
the lifetime expected risk and optimal vaccination age significantly depends not
only on the different CRSs but also on the efficacy, effective reproduction number
and decay of maternal antibodies. In the case of an age-dependent biting rate
the CRSs still influence the optimal age to vaccinate in an area with only one
endemic serotype. In fact so does the efficacy, effective reproduction number and
decay of maternal antibodies for the different serotypes. However, it is now less
relevant than before which serotype is endemic. Particularly in CRS (c) there is
hardly any difference in optimal vaccination age and lifetime expected risk since
the combination of the different efficacies outweigh the individual efficacy. For
risk-free primary infections, i.e. in CRS (b) and CRS (d) vaccination is again not
recommended. Considering a single serotype has also clearly shown that the age-
dependence of the biting rate and thus the force of infection significantly affects
the lifetime expected risk and that vaccination cannot accomplish a significant

reduction of the risk of hospitalisation at older ages in this case.

The lifetime expected risk in an endemic region with two co-existing serotypes
is presented in Figure 5.3 for any serotype combination and all CRSs. Again
the lifetime expected risk cannot be reduced if vaccination is administered to
individuals above 30 years independent of the considered CRS. This is due to
the age-dependence of the biting rate and force of infection as was the case for

a single serotype in circulation. Additionally in comparison to one serotype and
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independent of the CRS the lifetime expected risk is higher for two serotypes as
one would expect.

Figure 5.3a shows the lifetime expected risk caused by the different serotype
combinations in CRS (a). All of the serotype combinations lead to the same over-
all behaviour, i.e. the minimal lifetime expected risk and therefore the optimal
vaccination age is reached at very young ages between 11 and 18 months. The
lifetime expected risk increases fairly quickly after this optimal age. Interestingly
most of the serotype combinations with the exception of DENv12 and DENv34 have
very similar values for all vaccination ages. DENv12 results in the highest lifetime
expected risk at young ages but the same as the other combinations at older ages.
Additionally it requires the earliest vaccination to minimise the risk at only 11
months. This is due to the low efficacy of DENv1 and DENv2, i.e. the combined
efficacy is lower than that of any other combination so that less infections can
be prevented in this setting and the risk is highest. The risk can be reduced
most effectively if vaccination takes place early even if some maternal antibodies
persist since vaccination at a later age will not significantly decrease the number
of infections due to the low efficacy. DENv34 on the other hand has the highest
combined efficacy and therefore causes the lowest lifetime expected risk at young
vaccination ages when many infections can be prevented. The optimal vaccina-
tion age for DENv34 is higher at 17 months due to the slower decay of maternal
antibodies of DENv4. This can in fact be observed for any serotype combination
including DENv4 which require later vaccination (at 17 or 18 months) than the
remaining combinations (11 or 14 months). At older vaccination ages the higher
efficacy is irrelevant so that all combinations lead to a very similar risk. The com-
bined effective reproduction numbers are fairly close and are the decisive factor
at older ages due to the type of biting rate used.

CRS (b) is presented in Figure 5.3b for an endemic area with two coexisting
serotypes. In the case of a single serotype the assumption of risk-free primary
infections meant that vaccination could only cause harm since without vaccination
the lifetime expected risk was zero. For two serotypes this is no longer the case.
The lifetime expected risk without vaccination can be deduced from that at older
ages and is non-zero. It can be minimised for the different combinations for
vaccination ages between 48 and 76 months, i.e. much later than in CRS (a). The
increased optimal vaccination ages are caused by the fact that it is not necessary
to target primary infections. Instead it is ideal to vaccinate before most secondary
infections occur as maternal antibodies will certainly have decayed by that time.

Again the impact of the low effective reproduction number and low efficacy of
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DENv2 can be seen since at young ages combinations including DENv2 have a
slightly higher risk than the remaining combinations due to the low efficacy,
and at older vaccination ages the risk is slightly lower due to the low effective
reproduction number. DENv12 needs to be considered particularly carefully. The
vaccine should ideally be administered at 76 months to reduce the risk due to
these two serotypes in the considered CRS. However, the impact on the lifetime
expected risk is fairly small in comparison to the achievable reductions for the
other serotype combinations. More than that, if vaccination takes place too
early in an area with DENv12 the risk may in fact be increased, in particular for
vaccination ages below 15 months. In CRS (a) vaccination for DENv12 is optimal
at only 11 months. This demonstrates the importance of determining whether
primary infections are risk-free or not.

In CRS (c) when two serotypes are endemic most of the observations from an
area with a single serotype in circulation can be observed as shown in Figure 5.3c.
The optimal vaccination ages are between 11 and 14 months. The optimum is
reached early and the lifetime expected risk increases very quickly for vaccina-
tion later on. In comparison to CRS (a) the optimal vaccination ages are slightly
lower. This has the same cause as in the case of one serotype, i.e. vaccination
needs to take place before a secondary infection occurred as it will not have any
effect otherwise. Again it can be seen that combinations including DENv4 have
a slightly higher optimal vaccination age (13 or 14 months) than those without
this serotype (11 or 12 months). There is hardly any difference between the life-
time expected risk caused by any of the combinations which is again due to the
fact that successful vaccination against any two serotypes is sufficient to prevent
all risky infections independent of whether the serotype is endemic or not. It
is therefore the high efficacy of DENv3 and DENv4 that determines the optimal
vaccination age. The lifetime expected risk at high vaccination ages is identical
for CRS (a) and CRS (c), i.e. without vaccination (or vaccination taking place after
it has any effect) the asymptomaticity of third and fourth infections is irrelevant
since only two serotypes are coexisting.

In the final CRS only secondary infections are risky. This scenario is presented
in Figure 5.3d where it can be seen that the optimal vaccination age is 28 months
for all combinations apart from DENv24 which requires vaccination at 35 months.
However, there is a very wide range where near optimal vaccination is possible
for all combinations. Primary infections do not need to be targeted as they are
risk-free and vaccination after a secondary infection is futile due to the PCI caused

by the secondary infection. Vaccination can therefore take place at any time up
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to a secondary infection and thus there is a wider possible range of vaccination
than in CRS (c). At older ages the low effective reproduction number for DENv2
again leads to a slightly lower risk for combinations with this serotype than for
the other combinations. At young ages, since vaccination against two serotypes
confers PCI, there is again not much difference between the risk caused by any
of the combinations. If vaccination takes place too late there is no difference
between the risk in CRS (b) and CRS (d).

By considering an endemic area with two circulating serotypes it can therefore
be said that assuming risk-free primary infections generally leads to an increase
in the optimal vaccination age, while PCI after two heterologous infections leads
to a decrease. The assumption of PCI also leads to the differences between the

serotypes being almost negligible.

The lifetime expected risk for all combinations of three serotypes is presented
in Figure 5.4. Most of the observations for two coexisting serotypes can also be
made in this case. In particular risk-free primary infections lead to an increase
in optimal vaccination age due to the fact that it is better to wait until maternal
antibodies have decayed before the vaccine is administered. Similarly risk-free
post-secondary infections lead to a decrease in the optimal vaccination age since
vaccination has to be carried out before most secondary infections occurred to
have any effect at all. Again in CRS (a) and CRS (b) the serotype-specific differ-
ences in efficacy are more noticeable. DENv123 and DENv124 have a much lower
combined efficacy than DENv134 and DENv234 and therefore a higher lifetime ex-
pected risk at young vaccination ages. However, in contrast to two coexisting
serotypes the lifetime expected risk in CRS (c) and CRS (d) is much lower than in
the corresponding CRSs with symptomatic post-secondary infection (CRS (a) and
CRS (b) respectively) even if vaccination takes place at an age where it has no ef-
fect. This is to be expected since there is the possibility of a third infection even
in the absence of vaccination when three serotypes are coexisting. Considering
three serotypes also leads to a reduced optimal vaccination age in comparison
to two coexisting serotypes as one would expect since the combined effective

reproduction number increases and thus the average age of infection decreases.

Finally the results for all four dengue serotypes coexisting in the different CRSs
are presented in Figure 5.5. In most endemic regions in Brazil all four serotypes
coexist. These results are therefore most interesting with respect to the optimal
vaccination age. In CRS (a) the minimal lifetime expected risk can be achieved

by vaccinating at 17 months; in CRS (b) the optimal age is 38 months. As before
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the corresponding optimal vaccination age decreases if PCI is considered after two
heterologous infections so that in CRS (c) the optimal vaccination age is 10 months
and in CRS (d) it is 21 months. Additionally the lifetime expected risk decreases
in CRS (c) and CRS (d) compared to CRS (a) and CRS (b) for any vaccination age as
one would expect. The overall behaviour of the lifetime expected risk is similar to
the case of two or three coexisting serotypes for any of the CRSs and will therefore

not be discussed in any more detail.

The previously presented optimal vaccination ages are summarised in Table 5.2
where the corresponding minimal lifetime expected risk is given for any number
and combination of dengue serotypes. From the table it becomes very clear that
the optimal vaccination ages for any CRS vary little. The optimal vaccination age
lies between 9 and 23 months for CRS (a), between 38 and 76 months for CRS (b),
between 10 and 17 months for CRS (c) and between 21 and 35 months for CRS (d).
None of the optimal vaccination ages are therefore within the permitted age-range
of 9 to 45 years for Dengvaxia. For a single serotype and risk-free primary in-
fections (CRS (b) and CRS (d)) vaccination is not recommended. In each CRS the

lifetime expected risk increases if an additional serotype is in circulation, e.g. in

Table 5.2: The optimal vaccination age A; in months which minimises the lifetime
expected risk E of hospitalisation for all CRSs. The vaccine efficacy is
assumed serotype-specific but age-independent as given in Table 1.1.
‘~’ represents cases in which vaccination is not recommended, i.e. when
A; was found to be above the expected lifetime L.

CRS (a) CRS (b) CRS (c) CRS (d)

A, Exi0-2 A, Exi02 A, Exi02 A, Exi0-?
DENv1 14 7.12 — 0.00 13 2.66 - 0.00
DENv2 9 8.51 - 0.00 14 2.70 — 0.00
DENv3 14 4.13 - 0.00 14 1.95 — 0.00
DENv4 23 3.99 - 0.00 17 1.92 — 0.00
DENv12 11 15.64 76 11.57 11 3.78 28 2.77
DENv13 14  11.25 58 9.02 12 3.66 28 2.67
DENv14 18 11.20 63 8.33 13 3.64 28 2.64
DENv23 14  12.69 70 9.91 12 3.60 28 2.63
DENv24 17 12.66 70 9.24 14 3.58 35 2.59
DENv34 17 8.20 48 6.39 14 3.37 28 2.43
DENv123 14  19.80 48  17.33 11 4.04 21 3.02
DENv124 17 19.80 48  16.60 11 4.03 24 3.01
DENv134 17  15.34 42 13.00 11 3.99 24 2.97
DENv234 17  16.81 48  14.29 11 3.95 24 2.94
DENv1234 17 23.94 38 21.23 10 4.19 21 3.16
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CRS (d) if DENv3 is introduced when DENv1 and DENv2 are already endemic the
lifetime expected risk increases from 2.77x1072 to 3.02x1072. In contrast to the
model with a constant biting rate there are no exceptions to this. This is due to
the age-dependence of the biting rate and force of infection in the model that is
being considered in this chapter. All infections occur relatively early due to the
biting rate function and with an increasing number of serotypes the average age
of infection gets further decreased to ages at which the associated risk is even
higher. This results in an increase in lifetime expected risk as the number of
serotypes increases independent of the CRS. It is also noticeable that in CRS (b)
and CRS (d) the increasing number of serotypes leads to a decrease in optimal
vaccination age. The reason for this is similarly that the average age of infection
decreases but vaccination needs to take place before most secondary infections
occur. For an age-dependent biting rate and a step-death function the optimal
vaccination age in the case of a constant vaccine efficacy therefore mainly depends
on the CRS and very little on other factors such as the number of serotypes in

circulation. The specific serotype combinations are most relevant in CRS (b).

Age-Dependent Vaccine Efficacy

It is still being discussed whether the efficacy of Dengvaxia is age-dependent or
constant. Some scientists argue that the differences that were recorded in the age-
groups of the vaccine trials [32, 66] are in fact due to the serostatus of the recipient
[4, 5]. Clearly the likelihood of being seropositive increases with age so that it is
difficult to determine which factor is decisive and more research into this aspect of
dengue vaccination is needed. For a full picture the results for an age-dependent
vaccine efficacy as given in Table 1.1 are summarised in Table 5.3. In comparison
to the constant efficacy case as presented in Table 5.2 it can be seen that assuming
an age-dependent efficacy has very little effect on the optimal vaccination ages
independent of the considered CRS. CRS (a) requires vaccination between 9 and
22 months as opposed to 9 and 23 months in the constant efficacy case. Similarly
the optimal vaccination ages in CRS (c¢) are between 11 and 17 months instead
of between 10 and 17 months. In the case of risk-free primary infections the
age-dependence of the efficacy has some impact on the optimal vaccination ages.
In CRS (d) the ages vary between 24 and 42 months (21 and 35 in the constant
efficacy case) and in CRS (b) the optimal ages for most combinations with two
serotypes are 108 months and therefore much higher than before (between 38
and 76 months). Due to the lower efficacy in the age-group below 9 years in

comparison to the pooled efficacy it is not surprising that the lifetime expected
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Table 5.3: The optimal vaccination age A; in months which minimises the lifetime
expected risk E of hospitalisation for all CRSs. The vaccine efficacy is
assumed serotype-specific and age-dependent as given in Table 1.1. ‘~
represents cases in which vaccination is not recommended, i.e. when
A was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay Exi02 Ay Exi02 Ay Exi02 Ay Exi0—2
DENv1 14 8.39 - 0.00 14 4.92 — 0.00
DENv2 9 9.92 - 0.00 14 5.13 - 0.00
DENv3 14 5.65 — 0.00 14 3.75 - 0.00
DENv4 22 7.98 — 0.00 17 4.75 — 0.00
DENv12 11 18.32 108  12.06 14 7.42 42 5.01
DENv13 14 14.04 63 1041 14 7.29 38 5.01
DENv14 17 16.43 108  10.77 14 7.45 38 5.08
DENv23 14  15.61 108  11.13 14 7.18 42 4.90
DENv24 17 18.02 108  10.34 14 7.36 42 4.96
DENv34 17 13.69 108 9.83 14 7.20 38 4.95
DENv123 14 24.00 48  20.13 11 7.90 28 5.63
DENv124 17 26.43 55 21.51 11 7.91 28 5.63
DENv134 17 22.10 43  18.23 11 7.93 28 5.69
DENv234 17 23.69 49  19.47 11 7.88 28 5.63
DENv1234 16 32.10 39  27.96 11 8.05 24 5.83

risk is higher in the case of an age-dependent efficacy than for a constant efficacy.
This is true even for two serotypes being endemic in CRS (b). In the case of
risk-free primary infections vaccination is still not recommended if only a single

serotype is in circulation due to the risk being zero without vaccination.

Only some results for regions with two endemic serotypes are affected by the
assumption of an age-dependent efficacy while the remaining cases for any number
of serotypes are unaffected. The results for two coexisting serotypes are therefore
presented in Figure 5.6 to discuss the effect and why in most cases there is none.

As in the previous chapter the effect of the age-dependence on the lifetime
expected risk is apparent due to the drops that occur whenever a vaccination age
is reached at which an additional dose is administered with the higher efficacy
in the age-group above 9 years. This is the case in all four CRSs. Due to the
low average ages of infection vaccination generally should take place very early.
The risk in CRS (a), CRS (c) and CRS (d) is very low at early ages and increases
drastically thereafter so that even though the increase in efficacy decreases the
lifetime expected risk it does not decrease it enough to reach a minimum this

late. Note that the same is true for serotype combinations of one, three or four
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serotypes in CRS (c) and of three and four serotypes in CRS (a) and CRS (d). This
is not shown here explicitly but can be deduced from the corresponding graphs in
the constant efficacy case, i.e. the steep increase after the minimum is reached at
very young ages. The situation is slightly different in CRS (b) where most serotype
combinations require vaccination at a later age and there is a much slower increase
in lifetime expected risk after the optimal vaccination age. The combination of
these two factors together with the significant increase in efficacy above 9 years
leads to cases in which the lifetime expected risk only reaches its minimum once all
three doses are given with the higher efficacy, i.e. at 108 months. By considering
Figures 5.4b and 5.5b it also becomes apparent why there is no effect like this for
three and four coexisting serotypes as the lifetime expected risk as a function of
the age at which the first vaccination dose is administered is much steeper than
for two serotypes. For a single serotype in existence the drops in lifetime expected

risk are irrelevant since without vaccination the risk is certainly zero.

Licence Restrictions

Both a constant and an age-dependent vaccine efficacy result in optimal vac-
cination ages outwith the age-range of 9 to 45 years for which Dengvaxia is
currently licensed in Brazil. In fact only CRS (b) in the case of an age-dependent
efficacy and two coexisting serotypes results in vaccination ages that adhere to
this restriction while all other vaccination ages are far below 9 years. However,
it is important to determine what can be achieved with the current licence. The
vaccination ages are therefore restricted to be between 9 to 45 years, i.e. the first
dose needs to be administered between 108 and 539 months. The vaccination
ages that lead to the best results under this constraint for a constant and an
age-dependent vaccine efficacy are presented in Tables 5.4 and 5.5 respectively.
It can immediately be seen that it is best to carry out the vaccination campaign
as close to the ideal vaccination age as possible. For low optimal ages vaccination
should therefore be administered to individuals aged 108 months. For a single
serotype in existence when primary infections are risk-free the least harm is done
by vaccinating at 538 months which can be understood to be as late as possible.

From Table 5.4 the impact of the licence restriction becomes clear when con-
sidering the percentage increase from the minimal lifetime expected risk that is
caused by having to wait with vaccination until individuals turn 9 years old.
In CRS (a) this increase varies between 53% and 207%, in CRS (b) between 7%
and 84%, in CRS (c) between 327% and 630% and in CRS (d) between 227% and

406%. The negative effect of the licence restriction is therefore most noticeable if
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Table 5.4: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk F
of hospitalisation. The percentage increase from the optimal lifetime
expected risk % is given for any case in which the optimal vaccina-
tion age lies outwith the permitted age-range of Dengvaxia. For cases
in which vaccination is not recommended the minimal lifetime expec-
ted risk is zero, so that the percentage increase is given by oo. The
vaccine efficacy is assumed serotype-specific but age-independent as
given in Table 1.1.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% Ay 0% Ay 0%
DENv1 108 95 538 00 108 389 538 00
DENv2 108 53 538 00 108 327 538 00
DENv3 108 207 538 00 108 523 538 00
DENv4 108 206 538 00 108 511 538 00
DENv12 108 72 108 7 108 530 108 235
DENv13 108 136 108 32 108 574 108 275
DENv14 108 133 108 37 108 567 108 267
DENv23 108 103 108 15 108 540 108 232
DENv24 108 99 108 19 108 535 108 227
DENv34 108 203 108 63 108 599 108 275
DENv123 108 100 108 43 108 614 108 368
DENv124 108 97 108 46 108 614 108 365
DENv134 108 152 108 84 108 630 108 383
DENv234 108 126 108 62 108 620 108 364
DENvi1234 108 116 108 76 108 626 108 406

two heterologous infections confer PCI and lowest if all but primary infections are
risky. This trend can also be observed in the case of an age-dependent efficacy (cf.
Table 5.5) albeit the overall percentage increase is much lower due to the higher
efficacy at 9 years for an age-dependent efficacy compared to the pooled efficacy
at 9 years. In scenarios with optimal vaccination ages outwith the permitted
age-range the percentage increase varies between 8% and as much as 276%. This
is still small in comparison to the constant vaccine efficacy case.

The licence restriction therefore has a significant negative effect on the achiev-
able lifetime expected risk. It would be possible to reduce the lifetime expected
risk much further if vaccination below 9 years were to be permitted. This is espe-
cially true if PCI is considered. In the case of an age-dependent biting rate even
the assumption of an age-dependent efficacy does not lead to an improvement of
this situation, i.e. the licence restrictions make a successful vaccination campaign

more difficult in either case.
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Table 5.5: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk F
of hospitalisation. The percentage increase from the optimal lifetime
expected risk g% is given for any case in which the optimal vac-
cination age lies outwith the permitted age-range of Dengvaxia. For
cases in which vaccination is not recommended the minimal lifetime
expected risk is zero, so that the percentage increase is given by oo.
The vaccine efficacy is assumed serotype-specific and age-dependent
as given in Table 1.1.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% Ay 0% Ay 0%
DENv1 108 63 538 00 108 161 538 00
DENv2 108 29 538 00 108 119 538 00
DENv3 108 122 538 50 108 218 538 00
DENv4 108 46 538 00 108 136 538 00
DENv12 108 45 108 - 108 216 108 80
DENv13 108 87 108 12 108 233 108 94
DENv14 108 54 108 ~ 108 218 108 81
DENv23 108 62 108 - 108 215 108 72
DENv24 108 36 108 - 108 200 108 61
DENv34 108 76 108 - 108 218 108 74
DENv123 108 63 108 21 108 263 108 148
DENv124 108 44 108 8 108 260 108 142
DENv134 108 71 108 26 108 264 108 147
DENv234 108 56 108 14 108 256 108 136
DENv1234 108 58 108 29 108 276 108 171

5.4.2 Minimising the Risk of Hospitalisation under Con-

sideration of Vaccine-Induced Risk

The WHO has recently revised its official recommendation for the use of Deng-
vaxia in endemic countries [132, 133]. The reasons for this revision were the high
reported number of hospitalisations in seronegative vaccine recipients during the
long-term follow-up of the Dengvaxia trials (cf. Table 1.2) and mounting pressure
from the research community [4-6, 38, 74, 75]. Previously it was assumed that
the application of Dengvaxia is safe in all children above 9 years of age, whereas
now vaccination is recommended only for seropositives. The increased risk of
hospitalisation has indeed been found to depend not only on the serostatus but
also on the age of the recipient as presented in Table 1.2. In this section the
vaccine-induced risk will be incorporated in the lifetime expected risk by defin-

ing the expected risk from an infection with serotype i at age a dependent on
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the infection and vaccination history of an individual (cf. Equation (3.26)). The
different CRSs need to be considered carefully as explained in Section 3.5.

A vaccine-induced risk is bound to have an impact on the optimal vaccination
age for dengue. It is considered in this section for an age-dependent biting rate.
Again all CRSs will be discussed in detail for any number and combination of
serotypes for a constant vaccine efficacy. Further an age-dependent efficacy will
be considered and results presented for all scenarios but only briefly discussed in
more detail for a single serotype in circulation. The vaccine-induced risk is also
assumed to be age-dependent in this case but constant if the vaccine efficacy is
constant. As before, the vaccination age will then be restricted to be between 9
and 45 years according to the licence of the vaccine in Brazil in order to determine

the ideal vaccination age under this constraint.

Constant Vaccine Efficacy and Vaccine-Induced Risk

A region with only a single endemic serotype is considered initially in order to
understand the effect of the vaccine-induced risk more easily. Figure 5.7 shows the
lifetime expected risk due to any serotype in this case where again Figures 5.7a
to 5.7d correspond to the four CRSs respectively. In comparison to Figure 5.2
it is apparent that the vaccine-induced risk significantly impacts the outcome
of vaccination. In fact, if there is only a single circulating serotype vaccination
is almost never recommended. The only case in which it is recommended is
if either DENv3 or DENv4 is endemic in CRS (a). Considering a vaccine-induced
hospitalisation risk particularly in seronegative recipients according to Table 1.2
with only a single endemic serotype means that if vaccination is successful against
any non-endemic serotype prior to the natural infection the natural infection will
be associated with an increased risk. The probability of successfully vaccinating
against a non-endemic serotype is higher than that of vaccinating against the
serotype in circulation so that this is a very likely scenario. It is therefore best
not to vaccinate at all in almost all cases and clearly if primary infections are risk-
free as in CRS (b) and CRS (d) since the lifetime expected risk is zero. In CRS (a)
it is still beneficial to vaccinate against DENv3 or DENv4 since the vaccine is more
effective against these two serotypes than against DENv1 and DENv2. It is therefore
more likely that vaccination will be successful against the endemic serotype. In
this case there is a trade-off between preventing some natural infections and
causing too many with an increased risk due to successful vaccination against
another serotype. It is therefore best to wait until some infections have occurred

and only vaccinate at 258 and 206 months for DENv3 and DENv4 respectively.
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From Figure 5.7 the lifetime expected risk in the absence of vaccination in
each CRS can be deduced from that of very high vaccination ages. Clearly it can
therefore be seen that vaccination increases the lifetime expected risk particularly
at young vaccination ages independent of the CRS. In CRS (b) and CRS (d) as
shown in Figures 5.7b and 5.7d there is zero risk without vaccination and even if
there is not assumed to be a difference between naturally acquired antibodies and
vaccine-induced antibodies vaccination is not recommended. From Figures 5.7a
and 5.7c it can be seen that vaccination also increases the lifetime expected risk
in CRS (a) and CRS (c¢) when the vaccine induces an increased risk in subsequent
infections for all serotypes at almost all vaccination ages. However, for DENv3
and DENv4 this is not the case for every vaccination age so that vaccination is
recommended. Figure 5.7a shows that after the optimal vaccination age is reached
the lifetime expected risk due to these serotypes hardly changes. Vaccination
therefore still has very little effect when only DENv3 or DENv4 is endemic since
even though some infections can be prevented at the optimal vaccination age
some other infections will be associated with a higher risk.

Interestingly the shape of the lifetime expected risk is similar for each of the
serotypes in CRS (a) and CRS (b) and in CRS (c) and CRS (d) respectively. In partic-
ular in CRS (a) and CRS (b) the highest lifetime expected risk is due to DENv2 and
the lowest at young ages due to DENv1. DENv3 and DENv4 cause a similar lifetime
expected risk independent of vaccination age. DENv1 has the highest effective re-
production number and therefore the lowest average age of infection while DENv2
has the lowest effective reproduction number and therefore the highest average
age of infection. Considering that DENv2 causes a higher lifetime expected risk
even though the lower effective reproduction number corresponds to fewer cases
it can be deduced that more infections with DENv2 occur at high-risk ages. In
CRS (c) and CRS (d) the highest lifetime expected risk at young vaccination ages
is due to DENv3 and DENv4. DENv2 only causes the highest risk at older vaccina-
tion ages. In these scenarios successful vaccination against at least two serotypes
means that even if an infection occurs after the vaccine was administered it is
no longer risky. Therefore the lifetime expected risk is determined due to a com-
bination of the effective reproduction number of the endemic serotype and the
efficacy of the vaccine against all serotypes. The higher probability of success-
ful vaccination against two non-endemic serotypes in combination with the low
effective reproduction number therefore results in a lower lifetime expected risk
caused by DENv2 at young vaccination ages than DENv3 or DENv4 in this case.

From considering a single endemic serotype it can thus be seen that if success-
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ful vaccination induces a higher risk in subsequent infections with a heterologous
serotype vaccination is highly likely to have a negative effect. Even in CRS (a)
when only DENv3 or DENv4 is endemic and vaccination is indeed recommended
the effect is only minimal and it is possible that it is not cost-effective to vaccin-
ate. If only very few infections that result in hospitalisation can be prevented the
cost of a large-scale vaccination campaign might be too high to justify. However,

the question is whether with several coexisting serotypes this is still the case.

The results for an area with two endemic serotypes are presented in Figure 5.8.
Considering that the vaccine-induced risk is mainly observed in seronegative re-
cipients the presence of more than one serotype means that vaccination may be
more beneficial. This is the case if it is carried out after most primary infections
have occurred to ensure a high proportion of seropositive recipients.

CRS (a) is considered in Figure 5.8a. In fact vaccination is now recommended
despite the vaccine-induced risk at optimal vaccination ages between 108 and
135 months. However, clearly there is still a very negative effect if vaccination
takes place at young ages when most individuals are seronegative. This can again
be deduced by noting that the lifetime expected risk for very high vaccination
ages tends to the lifetime expected risk in the absence of vaccination. Serotype
combinations with DENv1 at young ages lead to a lower lifetime expected risk
which is possibly due to the high effective reproduction number and the associated
risk at the average age of infection being lower than for the remaining serotypes.
At older vaccination ages serotype combinations with DENv2 cause a higher risk
than those without this serotype. The reason for this is the combination of the
lower effective reproduction number and the higher average age of infection as
well as the low efficacy against this serotype meaning that fewer infections can be
prevented. For combinations with DENv2 the optimal vaccination ages are also
slightly higher since the higher average age of infection means it is necessary to
delay the start of the vaccination campaign longer in order to vaccinate fewer
seronegative recipients.

In CRS (b) as shown in Figure 5.8b the observations are in fact very similar
to CRS (a). Considering that primary infections are not targeted in CRS (a) so
as to prevent the vaccination of seronegative individuals this is to be expected.
In CRS (b) vaccinating before a primary infection would not be necessary even
if there was no vaccine-induced risk. With the vaccine-induced risk vaccinating
before most primary infections take place only has a negative impact so that it is
crucial to start the vaccination campaign at ages when most individuals have had

exactly one infection. The optimal vaccination ages are therefore similar to those

150



‘A[oA1100dsal1 (p)—(e) SUD oy} 03} puodsalriod
(p)—(®) sem3yqns oy [, "z'T 9[qR], Ul USALS S® POIOPISUOD ST YSLI PoONpuI-ouldoeA juopusdopur-o8e wy '] o[(R], Ul UJAIS
se yuopuadopur-o8e nq oynods-odAjo1os powunsse SI £0eI[Jo SUIIDRA O [, “POIOISIUTWIPR ST 9SOP dUIIIRA ISIY oY) UDIYM IR
17 98® JO Uorjouny ® se JsIxa00 $odAJ0I9S 0M) SI9YM BOIR DIWOPUS Ue Ul UOIYes[RIIASOT] JO /7 YSLI paldadxe owI)efI[ oy ], :R°G 9INSI

"A[pAT300dsaT syuow L0¢ pue T1¢ ‘L0E ‘€65 "A[oaryodsar syjuowt ¢gT pue 671 ‘67T ‘08T
‘687 ‘86T oI® FEANH PUR FZANHAA ‘€ZANAA ‘FTANHA ‘61T ‘APT oI€ PEANHA PUR $ZANHAA ‘€CANAA ‘FPTANHA
‘CTANAA ‘ZTANAA 10] soSe uorpeuroea Tewrydo oy, (pP)  ‘€TANAA ‘GTANHA I0j sofe uorjeumoes [ewrndo oayf, (q)
syjyuowr ur Ly syjuow ur Ly
0ZL 0¥S 09¢ 08T 0 0z 0¥S 09¢ 0ST 0o
00°0 f | f f 00°0
0.°T —gg0
o c}
0¥'g - 99°0
. | | .
oTx 01°8 66°0
"Aoaryoadsar syjuowt L0¢ pue T1¢ L0€ ‘€65 "A[oaryoadsar syjuowr 9T pue GeT ‘€T ‘TT1
‘68C ‘R6C OIR FEANHA pPue FZANHA ‘€CANHA ‘FIANHA ‘QOT ‘97T oIe $EANHA PUR $CANHA ‘€tANHAA ‘FTANHA

‘CTANAA ‘GTANAA I10] so8e uorjeumoea [ewydo oy, (9)  ‘CTANAA ‘ZTANHA I10] se8e uorjeurdes [ewljdo ot J, (B)

syjyuowr ur Ly syjuow ur Ly
0cL ors 09¢ 08T o . 0cL ors 09¢ 08T o_ .
| | | | 00°0
— — 0€°0
H
— 09°0
f f f f 06°0

wmm - wNQ - MNQ - wHQ - MHQ R NHQ -

151



obtained in CRS (a), between 119 and 149 months with higher optimal vaccination
ages for combinations including DENv2. In CRS (a) the optimal vaccination ages
are slightly lower since it is still possible to prevent some primary infections
which are risky without necessarily causing an increased risk in post-vaccination
infections.

CRS (c) and CRS (d) are presented in Figures 5.8c and 5.8d respectively. In
CRS (c) primary infections are risky while they are risk-free in CRS (d). However,
vaccinating seronegatives is not the ideal approach in either case so that this
assumption does not have any impact on the lifetime expected risk and optimal
vaccination age. In both these CRSs it is therefore best to vaccinate after a primary
infection but before a secondary infection. If vaccination is then successful against
at least one of the serotypes the individual was not infected with they will no
longer be at any risk due to dengue. The lifetime expected risk can be drastically
reduced for vaccination ages between 180 and 400 months in both CRSs. The
ideal time to vaccinate is between 289 and 311 months. However, if vaccination
is delayed even further and most secondary infections have already taken place
vaccination has much less effect and the lifetime expected risk can no longer
be significantly reduced. Interestingly assuming that two heterologous infections
confer PCI vaccination at any age actually reduces the lifetime expected risk
for serotype combinations including DENv2 despite the vaccine inducing a higher
risk in seronegative recipients that have a subsequent infection with a serotype
they were not successfully vaccinated against. This is particularly obvious for
DENv12. In comparison to DENv3 and DENv4 the vaccine is fairly ineffective against
DENv1 and DENv2. DENv2 further has a high average age of infection due to its
low effective reproduction number while the average age of infection of DENv1
is lower. For this combination it is therefore likely that vaccination is successful
against the two non-endemic serotypes so that even if seronegatives are vaccinated
the risk can be reduced. In the case of the vaccine being effective against only
one of the non-endemic serotypes the infection sequence following vaccination
is most likely to be DENv1 and then DENv2. Infections with DENv1 occur at
lower risk ages and the infection caused by DENv2 will be a post-secondary type
infection and therefore free of risk. The highest increase in lifetime expected
risk at young ages compared to without any vaccination is observed for DENv34.
In this case it is most likely that the vaccine will be effective against one of
the endemic serotypes but not necessarily against any non-endemic serotype.
Since most individuals will be seronegative at these young vaccination ages the

subsequent natural infection will be risky as it is a secondary type infection
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and due to the successful vaccination of a seronegative this risk will be further
increased.

By studying an endemic area with two coexisting serotypes it can therefore
be seen that if the vaccine induces a higher risk in breakthrough infections in
seronegative recipients the assumption of primary infection being risk-free or risky
does not make a significant difference. However, the optimal vaccination age is
very different depending on whether or not we assume PCI after two heterologous

infections.

Figures 5.9 and 5.10 show the lifetime expected risk in an endemic area with
three and four co-circulating serotypes respectively. Again the subfigures corres-
pond to the different CRSs. The observations for CRS (a) and CRS (b) for several
coexisting serotypes are very similar to the case of two endemic serotypes. How-
ever, in comparison to two serotypes the optimal vaccination ages in CRS (a) are
slightly lower, between 94 and 101 months for three serotypes and 77 months for
all four serotypes coexisting. Similarly in CRS (b) the optimal vaccination ages are
lower, between 102 and 111 months for three endemic serotypes and 91 months for
all serotypes. This increase is due to a the higher combined effective reproduction
number for more coexisting serotypes and the associated decrease in average age
of infection. Primary infections therefore occur earlier and vaccination is ideal at
slightly younger ages. This can similarly be observed in CRS (c) and CRS (d) with
the optimal vaccination age between 248 and 265 months for three coexisting
serotypes and at 156 months for all four serotypes coexisting. In CRS (c) com-
pared to CRS (d) there is again no effect due to primary infections being risk-free
and the optimal vaccination age is unchanged. However, contrary to the case of
two coexisting serotypes there is no longer any serotype combination for which
the lifetime expected risk can be reduced at any vaccination age in these CRSs. In
fact, vaccinating early increases the risk drastically independent of the serotype
combination. If vaccination is only successful against a single serotype there is a
higher probability of a subsequent infection having a vaccine-induced risk due to
more serotypes coexisting. The average age of infection is further affected in such
a way that infections that do occur are riskier particularly if DENv2 is endemic. If
vaccination takes place after most secondary infections occur the lifetime expec-
ted risk is again higher since less infections can be prevented. However, at these
high vaccination ages only very few seronegatives will be vaccinated so that the

vaccine-induced risk does not drastically increase the lifetime expected risk.
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Table 5.6: The optimal vaccination age A; in months which minimises the life-
time expected risk E of hospitalisation for all CRSs. The vaccine ef-
ficacy is assumed serotype-specific but age-independent as given in
Table 1.1. An age-independent vaccine-induced risk is considered as
given in Table 1.2. ‘" represents cases in which vaccination is not
recommended, i.e. when A; was found to be above a reasonable age

for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

A, Exi0-2 A, Exi02 A, Exi100 A Ex10°
DENv1 - 16.84 — 0.00 — 5,703 - 0.00
DENv2 —  24.54 — 0.00 — 37,169 - 0.00
DENv3 258  17.25 - 0.00 - 8,780 — 0.00
DENv4 206  17.20 - 0.00 - 9,296 — 0.00
DENv12 126 40.81 147 33.26 298 25,204 298 25,203
DENv13 108  33.81 119  25.11 289 10,679 289 10,678
DENv14 111 33.77 120  24.69 293 12,223 293 12,223
DENv23 133 41.44 149  33.26 307 39,766 307 39,765
DENv24 135 41.66 149  33.10 311 48,007 311 48,007
DENv34 116 34.08 123 24.43 307 19,181 307 19,181
DENv123 94  56.53 106 54.75 248  45.59 248  45.56
DENv124 95  56.97 108  54.46 254 50.91 254 50.88
DENv134 94  51.20 102 45.80 238  19.81 238 19.79
DENv234 101  58.89 111  54.89 265  75.17 265  75.14
DENv1234 77T 77.20 91  78.69 156 1.69 156 1.68

The optimal vaccination ages together with the minimal lifetime expected
risk for an age-independent efficacy and an age-independent vaccine-induced risk
are presented in Table 5.6. It can clearly be seen that the optimal vaccination
age mainly depends on the assumption of PCI while assuming risk-free infections
has hardly any effect in CRS (b) compared to CRS (a) and even less in CRS (d)
compared to CRS (c). It can further be noted that the lifetime expected risk is
far higher in CRS (c¢) and CRS (d) than in CRS (a) and CRS (b) even though more
infections are risky in the latter scenarios. However, the lifetime expected risk is
in fact not comparable across the different CRSs. The vaccine-induced risk was
introduced in such a way that the risk, as measured in the pre-vaccine era, was
attributed to only those infections that are risky. The vaccine-induced risk then
leads to a substantial increase in lifetime expected risk especially if post-secondary
infections are assumed risk-free.

Vaccination in endemic areas with a single circulating serotype is only recom-
mended in CRS (a) when either DENv3 or DENv4 is endemic. In all other cases the

vaccine-induced risk in seronegative recipients results in vaccination being coun-
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terproductive. In CRS (a) and CRS (b) it is ideal to vaccinate after most primary
infections. However, it can still be beneficial to vaccinate some seronegatives
in CRS (a) since this makes it possible to prevent risky primary infections. The
optimal vaccination ages between 77 and 135 months for several coexisting sero-
types in CRS (a) are therefore lower than in CRS (b) (between 91 and 149 months).
In CRS (c) and CRS (d) vaccination can prevent all risky infections if it is success-
ful against any serotype a seropositive individual was not infected with. It is
therefore better to vaccinate when almost all primary infections have occurred
even if that means some secondary infections can no longer be prevented. The
optimal vaccination ages in CRS (c) and CRS (d) are therefore identical since the
only difference is the risk of primary infections that should ideally already have
taken place. They are between 156 and 311 months and therefore much higher
than in CRS (a) and CRS (b).

Overall it is therefore very important to determine whether PCI is indeed
conferred by two heterologous infections. A vaccine-induced risk is likely due
to ADE. Risk-free primary infections are based on this phenomenon since often
secondary infections are more risky than primary infection. Considering this
the optimal vaccination ages obtained in CRS (b) and CRS (d) are more realistic.
However, the vaccination ages obtained in CRS (a) and CRS (c) are very similar
so that it is in fact not relevant whether primary infection are indeed risk-free
due to ADE if the vaccine induces a higher risk in seronegatives. The number of
serotypes is also relevant for the optimal vaccination strategy since the average
age of infection for dengue overall reduces as the number of serotypes increases so
that the age at which a significant proportion of individuals will be seropositive

is reached earlier.

Age-Dependent Vaccine Efficacy and Vaccine-Induced Risk

The results for an age-dependent efficacy as was observed in the Dengvaxia
trials [32, 66] are presented in Table 5.7 for all CRSs. Based on these age-groups
the numbers of hospitalisations for seronegative and seropositive recipients in the
control and vaccine group in the long-term follow-up were also observed to be
different (cf. Table 1.2). Therefore the effect of both an age-dependent efficacy
and an age-dependent vaccine-induced risk will be considered next.

For a single serotype in circulation the lifetime expected risk caused by each of
the serotypes is presented in Figure 5.11 where again Figures 5.11a to 5.11d cor-
respond to CRS (a)—(d). Similarly to the case of hospitalisation where no vaccine-

induced risk was considered the assumption of an age-dependent efficacy results
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in drops of the lifetime expected risk when one or more doses are administered in
the older age-group, i.e. at 96, 102 and 108 months for all CRSs. These drops are
most obvious for DENv2 in CRS (c) and CRS (d). However, in general the effect is
not particularly pronounced. This is due to the fact that vaccination of seroneg-
atives has a negative impact, however with an increasing age the probability of
vaccinating seronegatives decreases. Hence the higher efficacy which would intu-
itively lead to more infections with a vaccine-induced risk is balanced out by the
fact that more seropositives are vaccinated. Additionally to the increase in effic-
acy there is a decrease in vaccine-induced risk at 9 years of age. The combination
of this results in vaccination being recommended when primary infections are
risky, i.e. in CRS (a) and CRS (c), which was not the case for all scenarios with an
age-independent efficacy and vaccine-induced risk. In particular the optimal vac-
cination age is between 108 and 190 months in CRS (a) and much higher, between
360 and 407 months, in CRS (c¢). From Figures 5.11a and 5.11c it can, however,
be seen that vaccination has a very limited effect similarly to those two cases that

required vaccination with a constant vaccine efficacy. Since primary infections are

Table 5.7: The optimal vaccination age A; in months which minimises the lifetime
expected risk E of hospitalisation for all CRSs. The vaccine efficacy is
assumed serotype-specific and age-dependent as given in Table 1.1. An
age-dependent vaccine-induced risk is considered as given in Table 1.2.
‘~" represents cases in which vaccination is not recommended, i.e. when
A; was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay Exi02 Ay Exi02 Ay Exio0 Ay Exio0
DENv1 108 11.05 - 0.00 363 181.6 - 0.00
DENv2 190  13.95 — 0.00 407 1,269 - 0.00
DENv3 108  10.58 — 0.00 371 237.9 — 0.00
DENv4 108 9.87 — 0.00 360 179.8 — 0.00
DENv12 108  35.14 323 41.83 289 16,060 289 16,060
DENv13 108 29.13 138 30.36 280 6,752 280 6,752
DENv14 108 28.13 121 28.13 285 8,849 285 8,849
DENv23 108 34.38 283 42.00 298 25,011 298 25,011
DENv24 108  33.35 263  41.42 307 37,607 307 37,607
DENv34 108  27.69 119  26.71 298 13,801 298 13,801
DENv123 108 54.89 268  69.87 230  32.74 230  32.69
DENv124 108 54.44 242 68.87 241 40.10 241 40.05
DENv134 108 48.71 125 53.29 224 15.81 224 15.76
DENv234 108  54.81 173 67.59 256  58.21 256  58.16

DENv1234 108  79.59 148  88.85 148 1.66 147 1.63
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risky there is therefore again a trade-off between vaccinating some seronegatives
successfully against the endemic serotype and risking a vaccine-induced risk if
vaccination is successful against any non-endemic serotype. For several coexist-
ing serotypes the observations are very similar and the corresponding figures are

therefore omitted.

The minimal lifetime expected risk and corresponding optimal vaccination age
for any number and combination of serotypes when an age-dependent efficacy
and age-dependent vaccine-induced risk are considered is presented in Table 5.7.
Comparing the results to those for a constant efficacy and pooled vaccine-induced
risk as summarised in Table 5.6 it is clear that in CRS (c¢) and CRS (d) there is a
very limited effect on the optimal vaccination age for several coexisting serotypes.
The ages are more influenced by the overall effective reproduction number of the
circulating serotypes and the average age of infection than the efficacy of the
vaccine in these scenarios. However, the minimal lifetime expected risk is much
lower due to the higher efficacy at the ideal vaccination age when the age-groups
are considered. The higher efficacy when considering age-groups also results in
some of the vaccination ages being slightly reduced in comparison to the constant
efficacy case since a few more infections can be prevented and therefore the risk
to vaccinate a few more seronegatives at a younger age can be taken.

In CRS (a) the optimal vaccination age is 108 months for all combinations with
the exception of only DENv2 being endemic in which case it is 190 months. For
a constant vaccine efficacy most vaccination ages were already fairly close to 108
months. Since the vaccine efficacy at this age increases and the vaccine-induced
risk decreases it is therefore best to vaccinate at exactly 9 years instead of slightly
before or after. In CRS (b) the situation is slightly different, with a significant
increase in optimal vaccination age in some cases, e.g. whenever DENv2 is endemic.
Only primary infections are risk-free and vaccinating seronegatives is therefore
not necessary and indeed counterproductive due to the vaccine inducing a higher
risk in subsequent infections. The vaccine is least effective against DENv2 and
with a lower vaccine-induced risk in individuals aged above 9 years it is better to
wait longer to ensure fewer seronegatives are vaccinated if this serotype is present.
Interestingly in CRS (b) the minimal lifetime expected risk is higher than if the
vaccine-induced risk and efficacy are assumed constant. This is due to the later
vaccination ages when more primary infections will have already occurred.

Comparing the results for a constant and an age-dependent efficacy highlights
how important the vaccine efficacy is. With the higher efficacy when the age-

groups are considered there are cases in which vaccination can be beneficial even
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if for the lower pooled efficacy at the obtained optimal vaccination age it would
not be. Additionally with the age-dependent efficacy and age-dependent vaccine-
induced risk it is now important whether ADE really does imply risk-free primary
infections since the results for CRS (a) and CRS (b) are no longer similar. However,
if there is PCI after two heterologous infections the risk of the primary infection

is only relevant in endemic areas with a single serotype.

Licence Restrictions

In the case of vaccine-induced risk many of the vaccination ages are within
the permitted age-range for Dengvaxia. For an age-dependent efficacy and age-
dependent vaccine-induced risk there is in fact no scenario that requires vaccin-
ation outwith the age-range of 9 to 45 years. All optimal vaccination ages in

this age-dependent case are between 108 and 407 months. If the age-groups are

Table 5.8: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk £
of hospitalisation. The percentage increase from the optimal lifetime
expected risk % is given for any case in which the optimal vaccina-
tion age lies outwith the permitted age-range of Dengvaxia. For cases
in which vaccination is not recommended and the minimal lifetime ex-
pected risk is zero the percentage increase is given by co. The vaccine
efficacy is assumed serotype-specific but age-independent as given in
Table 1.1. Correspondingly the vaccine-induced risk is considered to
be age-independent as given in Table 1.2.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 5% Ay 0% Ay 0% A 0%
DENv1 538 <1 538 00 538 69 538 00
DENv2 538 4 538 00 538 82 538 00
DENv3 258 — 538 %) 538 40 538 00
DENv4 206 — 538 %) 538 21 538 00
DENv12 126 — 147 — 298 — 298 —
DENv13 108 — 119 — 289 — 289 —
DENv14 111 — 120 - 293 — 293 —
DENv23 133 — 149 — 307 — 307 —
DENv24 135 — 149 - 311 — 311 —
DENv34 116 — 123 — 307 — 307 —
DENv123 108 2 108 <1 248 - 248 -
DENv124 108 1 108 - 254 — 254 —
DENv134 108 2 108 <1 238 — 238 —
DENv234 108 <1 111 - 265 — 265 —
DENv1234 108 7 108 2 156 — 156 —
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disregarded and PCI is considered the optimal vaccination age is between 156 and
311 months. However, if the age-groups are disregarded, in CRS (a) and CRS (b)
there are some vaccination ages that are below the minimum age for Dengvaxia
if the efficacy and vaccine-induced risk are assumed constant. Table 5.8 therefore
presents the ages at which the vaccine should be administered under the current
licence restriction together with the percentage increase from the minimal life-
time expected risk for a constant efficacy and pooled vaccine-induced risk. For an
age-dependent efficacy and age-dependent vaccine-induced risk the corresponding
table is not shown as the optimal age adheres to the restriction and the increase
is therefore 0% in all cases in which vaccination is recommended. For a single
serotype and risk-free primary infections the minimal risk is zero.

The negative impact of restricting the vaccination age to be between 9 and
45 years for all three vaccination doses is very limited. As was noted previously
vaccination under licence restrictions should be carried out as close to the ideal
age as possible, i.e. at 9 years if it is below that age and at 45 years if it is above
that age or not recommended. The highest percentage increase for cases in which
vaccination is recommended is 7% when all four serotypes coexist in CRS (a). If
there is only a single serotype in existence vaccination is not recommended in
CRS (c). However, if vaccination is carried out the percentage increase is between
21% and 82%. The lowest increase in this case is observed for DENv4 due to the
high efficacy against this serotype and similarly the highest increase for DENv2
due to the low efficacy. The lower the efficacy for the endemic serotype the more
harm can therefore be caused when a vaccination campaign is carried out in an
endemic region with one serotype.

If Dengvaxia causes an increased risk in seronegative recipients the licence
restriction therefore has no effect if two heterologous infections confer PCI as long
as the vaccine is not administered in endemic regions with only one serotype. If
there is no PCI and the vaccine efficacy and the induced risk are constant the in-
crease in lifetime expected risk is very limited. If the efficacy and vaccine-induced
risk are age-dependent the optimal ages are already in accordance with the li-
cence. The licence restriction is therefore much less problematic if the vaccine
indeed causes an increased risk in seronegative recipients as was observed in the

long-term follow-up of the Dengvaxia trials.
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5.4.3 Minimising the Risk of Lethality

In the model with a constant rate for the death of humans and a constant
mosquito biting rate there was a significant difference depending on whether
hospitalisation or lethality was targeted by vaccination. The two risk functions
are in fact very similar with peaks at young ages and an increasing risk in the
population aged above 60 years. However, the risk for lethality at all ages is
far below that of requiring hospital treatment. As most cases that result in the
death of the patient will have been treated in a hospital this is not surprising. The
biggest difference between the risk functions is that the risk at old ages compared
to the peak at young ages is far higher in lethality. This is caused by the age
of the patients and possible underlying health issues that are more relevant at
old age. Assuming a step-death function where every human dies at the age of
73.8 years is likely to weaken this effect significantly. In addition to this cut-
off, the force of infection is now age-dependent due to the age-dependent biting
rate. It is very low for those high ages which will further dampen the impact
of the high risk associated with old age as the probability of getting infected is
lowered. The expectation when considering the risk of lethality as opposed to that
of hospitalisation in the case of an age-dependent biting rate and a step-death
function is therefore that optimal vaccination ages will be much more similar.

There is no data available so far that shows an increased risk of lethality
in vaccinated individuals. The expected risk of an infection with serotype ¢ at
age a in this section will therefore only be based on the infection history of the
individual and vaccination will be considered to correspond to a silent natural
infection. Again results will be presented for a constant and an age-dependent
vaccine efficacy and the effect of the age-restriction of the licence will be discussed.
However, since the age-dependent biting rate and step-death function result in
very little difference between targeting the risk of hospitalisation or lethality the

discussion of these results will be kept short.

Constant Vaccine Efficacy

The lifetime expected risk of lethality for endemic regions with a single sero-
type is presented in Figure 5.12. By comparing this to Figure 5.2 one can see
that indeed very little difference exists between the two risk functions independ-
ent of the CRS. This is caused by the age-dependence of the biting rate and the
step-death function. All observations made for the risk of hospitalisation without
any vaccine-induced risk are therefore transferable to the risk of lethality. For

example one important factor in determining the lifetime expected risk is the ef-
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ficacy of the vaccine against endemic serotypes in CRS (a) and CRS (b). In CRS (c)
and CRS (d) there are less differences between the four serotypes since successful
vaccination against two non-endemic serotypes can reduce the risk and therefore a
combination of the overall vaccine efficacy and the effective reproduction number
of the endemic serotype determine the risk. Clearly with risk-free primary infec-
tions there is zero risk if only a single serotype is endemic and hence vaccination
is again not recommended if the risk is lethality. The observations for any number
and combination of serotypes are similarly transferable so that figures for several
coexisting serotypes when the risk of lethality is targeted are omitted. The only
difference to the risk of hospitalisation is the much lower lifetime expected risk

due to the fact that fewer infections are fatal than require hospital treatment.

The optimal vaccination age and minimal lifetime expected risk for all scen-
arios and any combination of serotypes is shown in Table 5.9. Again the conclu-
sions drawn for hospitalisation apply to lethality as well. However, in some cases
the risk of lethality is minimised for slightly younger vaccination ages than the
risk of hospitalisation. This is due to the fact that the highest risk of death in

children is observed shortly before the peak of hospitalisations is reached. The

Table 5.9: The optimal vaccination age A; in months which minimises the life-
time expected risk E of lethality for all CRSs. The vaccine efficacy is
assumed serotype-specific but age-independent as given in Table 1.1.
‘~’ represents cases in which vaccination is not recommended, i.e. when
A was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

A, Exio+ A, Exio+ A, Exio+ A, Exio+
DENv1 11 3.93 — 0.00 11 1.50 - 0.00
DENv2 9 4.59 - 0.00 11 1.50 — 0.00
DENv3 14 2.24 - 0.00 12 1.07 — 0.00
DENv4 20 2.18 - 0.00 14 1.07 - 0.00
DENv12 10 8.53 76 5.98 11 2.20 28 1.59
DENv13 14 6.17 58 4.73 11 2.09 28 1.50
DENv14 17 6.15 58 4.35 11 2.09 28 1.48
DENv23 12 6.86 70 5.09 11 2.05 28 1.47
DENv24 17 6.86 70 4.73 11 2.04 35 1.44
DENv34 17 4.45 49 3.32 12 1.89 28 1.32
DENv123 12 10.79 48 9.17 10 2.43 21 1.79
DENv124 15 10.81 48 8.77 11 2.42 24 1.77
DENv134 17 8.41 42 6.91 11 2.37 24 1.73
DENv234 16 9.12 48 7.50 11 2.33 24 1.70
DENv1234 14  13.05 38 11.31 9 2.58 19 1.91
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very high risk at ages above 75 years is irrelevant due to the cut-off caused by
modelling the human population with a step-death function. In addition the age-
dependent biting rate that was derived from data results in a very low force of
infection from relatively young ages (30 years) onwards so that the probability of
an infection at higher ages is also very low which was not the case with a constant

biting rate.

Age-Dependent Vaccine Efficacy

Results when the risk of lethality is minimised and an age-dependent efficacy
is assumed are presented in Table 5.10. Unsurprisingly, there is little difference
between the optimal vaccination ages for the risk of lethality and those of hos-
pitalisation. Again it can be seen that the optimal vaccination age decreases
with an increasing number of serotypes particularly in CRS (b) and CRS (d). The
results for a constant and an age-dependent efficacy with the aim of vaccinat-
ing being the reduction of lethality are also very similar. In fact most optimal
vaccination ages are only slightly affected by the efficacy assumption and only
very few (DENv12, DENv14 and DENv24 in CRS (b)) are significantly increased due

Table 5.10: The optimal vaccination age A; in months which minimises the life-
time expected risk E of lethality for all CRSs. The vaccine efficacy is
assumed serotype-specific and age-dependent as given in Table 1.1.
‘~’ represents cases in which vaccination is not recommended, i.e.
when A; was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay Exi04 Ay Exi04 Ay Exi04 Ay Exi04
DENv1 11 4.66 - 0.00 12 2.76 - 0.00
DENv2 9 5.39 - 0.00 14 2.83 — 0.00
DENv3 14 3.09 - 0.00 14 2.07 — 0.00
DENv4 20 4.41 - 0.00 15 2.65 - 0.00
DENv12 10  10.06 108 6.28 11 4.27 42 2.78
DENv13 14 7.75 63 5.47 11 4.14 38 2.75
DENv14 17 9.10 108 5.75 12 4.29 38 2.81
DENv23 12 8.50 73 5.78 12 4.05 42 2.66
DENv24 17 9.87 108 5.37 13 4.21 42 2.72
DENv34 17 7.52 63 5.15 14 4.07 38 2.68
DENv123 12 13.16 48  10.67 11 4.70 28 3.27
DENv124 14  14.55 51 11.40 11 4.75 28 3.30
DENv134 15 12.21 43 9.72 11 4.72 28 3.30
DENv234 15  12.97 49  10.27 11 4.67 28 3.25
DENv1234 14  17.63 38 14.96 10 4.96 24 3.51
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to the age-dependent efficacy. However, similarly to the risk of hospitalisation
the lifetime expected risk is always higher with an age-dependent efficacy. This
is caused by the fact that the optimal vaccination age tends to be very low, so
that the pooled efficacy is higher than the age-dependent one at corresponding
ages and therefore less infections will be prevented if the efficacy is indeed age-
dependent. As for a constant efficacy, the most decisive factor for the optimal

vaccination age is whether primary infections are risky or not.

Licence Restrictions

Almost all of the vaccination ages which lead to the greatest reduction in
lifetime expected risk are below 9 years. Under the current licence restriction the
ideal vaccination strategy can therefore not be applied. In Tables 5.11 and 5.12

the best time to vaccinate considering that Dengvaxia can only be used in in-

Table 5.11: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk £
of lethality. The percentage increase from the optimal lifetime expec-
ted risk 0% is given for any case in which the optimal vaccination
age lies outwith the permitted age-range of Dengvaxia. For cases in
which vaccination is not recommended the minimal lifetime expec-
ted risk is zero, so that the percentage increase is given by co. The
vaccine efficacy is assumed serotype-specific but age-independent as
given in Table 1.1.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% Ay 0% Ay 0%
DENv1 108 103 538 00 108 410 538 00
DENv2 108 59 538 00 108 344 538 00
DENv3 108 226 538 o0 108 558 538 00
DENv4 108 222 538 00 108 539 538 00
DENv12 108 79 108 8 108 535 108 223
DENv13 108 148 108 34 108 592 108 269
DENv14 108 144 108 40 108 583 108 262
DENv23 108 113 108 17 108 557 108 226
DENv24 108 108 108 21 108 548 108 222
DENv34 108 221 108 67 108 626 108 278
DENv123 108 109 108 46 108 611 108 353
DENv124 108 106 108 49 108 610 108 349
DENv134 108 165 108 89 108 637 108 375
DENv234 108 137 108 65 108 626 108 355
DENv1234 108 127 108 80 108 620 108 390
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Table 5.12: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk F
of lethality. The percentage increase from the optimal lifetime expec-
ted risk 0% is given for any case in which the optimal vaccination
age lies outwith the permitted age-range of Dengvaxia. For cases in
which vaccination is not recommended the minimal lifetime expected
risk is zero, so that the percentage increase is given by co. The vac-
cine efficacy is assumed serotype-specific and age-dependent as given

in Table 1.1

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% Ay 0% Ay 0%
DENv1 108 70 538 o0 108 173 538 00
DENv2 108 33 538 o0 108 130 538 00
DENv3 108 134 538 00 108 237 538 o0
DENv4 108 52 538 00 108 145 538 o0
DENv12 108 50 108 — 108 222 108 79
DENv13 108 95 108 14 108 246 108 97
DENv14 108 60 108 - 108 224 108 80
DENv23 108 69 108 <1 108 226 108 74
DENv24 108 40 108 — 108 205 108 60
DENv34 108 85 108 2 108 229 108 76
DENv123 108 69 108 23 108 265 108 144
DENv124 108 50 108 10 108 258 108 136
DENv134 108 79 108 29 108 266 108 143
DENv234 108 62 108 16 108 258 108 131
DENv1234 108 64 108 32 108 272 108 164

dividuals aged 9 to 45 years is shown respectively for a constant and an age-
dependent efficacy. Due to the cut-off caused by the step-death function and the
age-dependence of the biting rate there is very little discrepancy between the res-
ults for the risk of hospitalisation and that of lethality. It is therefore as expected
that the restriction of the age has a similar effect for both risk functions. Vaccin-
ation to minimise the numbers of deaths caused by dengue should take place as
close as possible to the optimal vaccination age, i.e. at 9 years if vaccination is
recommended at younger ages and just before 45 years if it is not recommended.
The percentage increase from the minimal lifetime expected risk depends on the
CRS more than on other factors. It varies between 8% and over 637% for a con-
stant efficacy and between less than 1% and 272% for an age-dependent efficacy if
vaccination is recommended. The fact that the increase is lower in the case of an
age-dependent efficacy is due to the increase in efficacy at 9 years. Independent

of the efficacy CRS (c) is most affected by the age-restriction.
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Without the restriction much better results can be achieved. It is important
to remember that the restriction is based on the results from the Dengvaxia trials
for the age-groups of children below 9 years and above 9 years [132]. However,

the separation of trial participants into these age-groups is being challenged [38].

5.4.4 Summary for Endemic Regions with Four Serotypes

Similarly to the previous chapter the results for an endemic region with four
serotypes will now be visualised in forest plots. The plots corresponding to a con-
stant and an age-dependent vaccine efficacy are presented in Figures 5.13 and 5.14
respectively. Again the optimal vaccination ages as marked by the squares to-
gether with the age-intervals in which near-optimal vaccination is possible are
shown for all four CRSs. Near-optimal vaccination is defined as vaccination which
achieves a reduction of the lifetime expected risk which is at most 5% above the
minimum. The minimal age for recipients according to the current licence is
shown as well to make it easier to determine whether (near-)optimal vaccination
would currently be possible in the considered scenarios. Note that for the scen-
arios considering a vaccine-induced risk the vaccine-induced negative effects are
also assumed age-independent and age-dependent in the two plots respectively.

In Figure 5.13 it can clearly be seen that the optimal vaccination ages when
no vaccine-induced risk is considered are much lower than if it is considered. In
fact even the intervals in which near-optimal vaccination is possible are more
limited in this case. Additionally in comparison to the previous chapter the
results for hospitalisation and lethality are now very similar. In both cases they
are very low and even if near-optimal vaccination is considered the current license
does not permit vaccination in such a way that the lifetime expected risk can be
reduced close to its minimum. In the case of vaccine-induced risk this is not the
case. Under this assumption only CRS (a) leads to a near-optimal vaccination
age-range which is completely below 9 years. The same observations are true in
the age-dependent vaccine efficacy case (both with and without vaccine-induced
risk) as can be seen from Figure 5.14. The age-dependence has only a small effect

if a vaccine-induced risk is considered.
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Figure 5.13: Forest plot for each scenario considering four coexisting serotypes
with a constant vaccine efficacy. The squares mark the optimal
vaccination age, while the horizontal lines indicate the interval in
which the lifetime expected risk exceeds the minimum by no more
than 5%. These intervals give an indication of the uncertainty in
the optimal vaccination age. The vertical dotted line corresponds to
the minimum age Ar = 9 years for vaccination according to current

license restrictions.
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Figure 5.14: Forest plot for each scenario considering four coexisting serotypes
with an age-dependent vaccine efficacy. The squares mark the op-
timal vaccination age, while the horizontal lines indicate the interval
in which the lifetime expected risk exceeds the minimum by no more
than 5%. These intervals give an indication of the uncertainty in the
optimal vaccination age. For CRS (a) when a vaccine-induced risk is
considered, two separate intervals in which the lifetime expected risk
is at most 1.05 times as high as the minimum exist as shown by the
discontinuous horizontal line. The vertical dotted line corresponds
to the minimum age Ag = 9 years for vaccination according to cur-
rent license restrictions.

In CRS (a) for a vaccine-induced risk the lifetime expected risk is close to its minimum
in two distinct age intervals. The lifetime expected risk is first near optimal at around 70
months and increases again to above 1.05 times the optimum for some time. Once the first of
the vaccination doses is, however, given with the higher efficacy it is near optimal again and
reaches its optimum once all three doses are given with the higher efficacy, i.e. at 108 months.
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An important conclusion that can be reached from the forest plots more easily
than in the previous sections is that the optimal vaccination age is much more
certain if PCI is considered. This was already hinted at in the discussion of the
results since PCI corresponds to risk-free post-secondary infections. That means
vaccination needs to take place before most secondary infections. In CRS (c) when
primary infections are risky, it needs to take place before most primary infections
occur as otherwise vaccination will be less effective. If there is no PCI, vaccination
even after some primary, secondary or tertiary infections can still reduce the
overall risk to some extent. Near-optimal vaccination is therefore possible in a
wider range. If primary infections are considered to be risky the uncertainty is
also smaller than otherwise as the largest effect will be obtained by vaccinating
before primary infections.

Interestingly in the case of a vaccine-induced risk almost the exact opposite
is the case, i.e. whether primary infections are risky or risk-free affects the un-
certainty relatively little and PCI can lead sto a larger uncertainty in optimal
vaccination age. Considering that vaccinating seronegatives can have a negative
impact, vaccination in this case should be delayed until after the primary infec-
tion occurs. However, if post-secondary infections are risk-free the vaccine should
be given exactly between the primary and secondary infection as otherwise it will
have no effect. However, if the vaccine is given later there will be no additional
risk in any recipients so that near-optimal vaccination can be carried out later.
It needs to be kept in mind though, that a cost-benefit analysis could show that
in this case the positive effect of vaccination does not outweigh the costs of the
vaccination campaign. It can therefore be seen that especially in the case of a
vaccine-induced risk more analysis from other perspectives is necessary before

carrying out a vaccination campaign.

5.5 Conclusions

The results presented in this chapter were obtained for a single-serotype model
as derived an analysed in Chapter 3. The age-dependent biting rate g(a) was ob-
tained from mosquito biting data. A step-death function was used to describe
the population dynamics in Brazil in a more realistic way than in the previous
chapter with a constant human death rate. The aim of vaccination was to re-
duce the risk of hospitalisation or of lethality. Based on an increased number of

hospitalisations in some vaccine recipients during the vaccine trials the risk of
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hospitalisation when vaccination has the potential to increase this risk was also
considered. As there is still no agreement about whether the vaccine efficacy and
vaccine-induced risk are age-dependent, serostatus-dependent or dependent on
both factors to some extent the vaccine efficacy and vaccine-induced risk were
initially assumed to be constant. However, subsequently the results using an age-
dependent efficacy and serostatus- and age-dependent vaccine-induced risk were
discussed.

The transmission model given in Equations (3.3) to (3.5) is a single-serotype
model and does therefore not include any potential cross-reactions between the
antibodies of different serotypes. This is true for naturally acquired antibodies
as well as for antibodies due to successful vaccination. However, the lifetime
expected risk in Equation (3.28) was defined in a way that permits different
CRSs to be considered. Additionally, by defining the risk of an infection with
serotype ¢ at age a either based only on the infection history of an individual
or on the infection and vaccination history of an individual, the different CRSs
can be applied when antibodies due to infection and due to vaccination have the
same effect or when antibodies due to vaccination may lead to a negative effect
in some individuals. The potential cross-reactions that are generally accepted
are ADE and PCI after two heterologous infections. ADE is often understood in
such a way that a first natural infection is free of risk. Only once an individual
with antibodies to one serotype is infected by another serotype are individuals
at risk of complications [73, 87]. After two heterologous infections it is assumed
that individuals can no longer get infected by the other serotypes, i.e. they are
permanently immune to all four serotypes [53, 54, 115]. Both of these cross-
reactions are only theorised and not fully understood so far. For this reason
four CRSs were considered: all infections being risky, primary infections being
risk-free, post-secondary infections being risk-free and only secondary infections
being risky. In the model some serotype-specific parameters and functions were
used to incorporate the differences between the four serotypes. This was done
by assuming the vaccine efficacy and the decay of the maternal antibodies to be
serotype-dependent and by determining serotype-specific effective reproduction
numbers from case report data. These parameters and functions were then used
to find the serotype-specific forces of infection and thus the lifetime expected risk
for any number and combination of serotypes under the different assumptions
relating to vaccine-induced risk for all CRSs. The optimal vaccination age was

determined as the age at which the lifetime expected risk is minimal.

At younger ages the risk of hospitalisation and of lethality have very similar
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shapes except for a slightly later peak of hospitalisations in children. The risk for
lethality is always much lower than that of hospitalisation. Most lethal dengue
cases will have been admitted to hospital at some point but not all hospitalisations
have a fatal outcome so that this is to be expected. The age-dependent biting
rate has an exponential term that cancels out the exponential term in the risk
functions for hospitalisation and lethality in older individuals. In addition life
expectancy in Brazil was taken as 73.8 years and incorporated through a step-
death function. This resulted in a cut-off before the risk of lethality increases
dramatically at older ages. Consequently very similar optimal vaccination ages
were obtained for hospitalisation and lethality. Due to the slightly younger age
at which children are most likely to die due to an infection some vaccination ages
were a little lower for this risk. The lifetime expected risk is naturally lower for
lethality than for hospitalisation. For the remainder of this section only the risk
of hospitalisation will therefore be mentioned since all conclusions that can be
drawn for the risk of hospitalisation are also true if lethality is considered.

The most relevant factor for the optimal vaccination age was found to be the
considered CRS as can be surmised from Table 5.2. In CRS (a) the optimal vac-
cination ages are between 9 and 23 months which is very low. CRS (b) leads to
higher vaccination ages between 38 and 76 months but vaccination is not recom-
mended in every case, i.e. if there is only a single endemic serotype vaccination
is counter-productive. For CRS (c) optimal vaccination ages between 10 and 17
months were found which are similar to those in CRS (a). CRS (d) resulted in op-
timal vaccination ages between 21 and 35 months but again vaccination is only
recommended if at least two serotypes coexist. It can therefore be deduced that
assuming risk-free primary infections increases the optimal vaccination age and
that assuming risk-free post-secondary infections usually decreases it. The in-
crease if primary-infections are risk-free is to be expected since in this case it
is sufficient to vaccinate after a primary infection and vaccination can therefore
be delayed until maternal antibodies decay. For risky primary infections there
needs to be a balance between vaccinating too early, when children are still pro-
tected by maternal antibodies, and too late, when most primary infections will
have already occurred. Risk-free post-secondary infections result in a lower op-
timal vaccination age since vaccination needs to take place before most secondary
infections have occurred as otherwise it will not have any effect. This is less no-
ticeable in CRS (c) when primary infections are risky as ideally these infections
should already be prevented. In CRS (d) when only secondary infections are risky

vaccination is ideal between the first and second natural infection.
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Assuming an age-dependent efficacy has very little effect on any of these ob-
servations as can be seen from Table 5.3. The optimal vaccination ages are very
similar overall and only significantly impacted in CRS (b). Even in this CRS the
optimal vaccination age increases to 108 months only for combinations of two co-
existing serotypes. The efficacy in children under 9 years of age is much lower if
it is based on the age-groups from the Dengvaxia trials than if the data is pooled.
A lower vaccine efficacy means that less infections can be prevented. Considering
that the ideal time to vaccinate is almost always under 9 years of age independ-
ently of the efficacy assumption it is therefore not surprising that the minimal
lifetime expected risk in the case of an age-dependent vaccine efficacy is higher.

Currently Dengvaxia is licensed for the use in individuals aged 9 to 45 years
in Brazil. Almost all of the optimal vaccination ages are below 9 years and at
the moment it is therefore not possible to apply the vaccine in the most effective
way. However, vaccinating at 9 to 45 years can still be beneficial and as long as
the restrictions are unchanged it is important to know what can be accomplished.
The ages at which vaccination should be carried out are as close to the optimal
vaccination age as possible, i.e. at 108 months (cf. Tables 5.4 and 5.5). For
both efficacy assumptions, depending on the CRS, the lifetime expected risk is
much higher than it would be if the vaccine could be used in younger children.
In CRS (b) the impact of the restriction is least serious with up to 84% increase
for a constant efficacy and no more than 29% for an age-dependent efficacy if
vaccination is recommended. The highest increase can be observed for CRS (c)
where the risk increases by more than 600% in some cases for a constant efficacy
and by up to 276% for an age-dependent efficacy. The higher age-dependent
efficacy for individuals above 9 years compared to the pooled efficacy is the reason
why the age-restriction has a worse effect when the vaccine efficacy is constant.
In endemic areas with a single serotype when primary infections are risk-free
vaccination is not recommended but the negative impact of vaccination is smallest
if vaccination is carried out as late as possible. This is true both for a constant

and an age-dependent efficacy.

Recently some concern has been raised about the use of Dengvaxia in ser-
onegative recipients. The WHO eventually changed their recommendation for the
use of Dengvaxia and now advises that the vaccine only be used in seropositive
individuals [133]. This is due to a higher proportion of hospitalisations in vaccine
recipients that have not had a prior infection compared to unvaccinated seroneg-
atives (cf. Table 1.2). Based on the corresponding data the lifetime expected risk

of hospitalisation with a vaccine-induced risk was determined under the same
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cross-reaction assumptions as for the risk of hospitalisation without a vaccine-
induced risk. The optimal vaccination ages and minimal lifetime expected risk
in this case are given in Tables 5.6 and 5.7 for a constant efficacy and constant
vaccine-induced risk and an age-dependent efficacy and age-dependent vaccine-
induced risk respectively. Incorporating this vaccine-induced risk has a huge
effect. Vaccination ages are much higher particularly in CRS (c) and CRS (d) when
post-secondary infections are assumed risk-free: between 156 and 311 months for
a constant efficacy and between 147 and 407 months for an age-dependent efficacy.
In CRS (a) and CRS (b) the optimal vaccination age is slightly lower between 77
and 258 months for a constant vaccine efficacy and between 108 and 323 months
for an age-dependent efficacy. If there is only a single serotype in circulation vac-
cination with a constant efficacy is only recommended if this serotype is DENv3
or DENv4 and all infections are risky. This is due to the high risk of successfully
vaccinating seronegatives against a non-endemic serotype thus increasing the risk
associated with the natural infection. For DENv3 and DENv4 with all infections
being risky the high efficacy means that this risk can be taken since some seroneg-
atives will be successfully vaccinated against the endemic serotype. This becomes
even clearer when considering an age-dependent efficacy for which vaccination is
recommended if the primary infection is risky even if only a single serotype exists
due to the higher efficacy at ages above 9 years compared to the pooled efficacy.

For several coexisting serotypes the optimal vaccination age in CRS (b) is
higher than in CRS (a), but that in CRS (d) is almost identical to that in CRS (c).
This is due to the fact that the vaccine-induced risk implies that it is often harm-
ful to vaccinate seronegatives. Even if primary infections are risky many should
have occurred before the vaccine is administered. In CRS (a) some primary infec-
tions can and should still be prevented in order to reduce the risk while in CRS (b)
this is not the case due to primary infections being risk-free. In CRS (c) increasing
the risk in seronegative recipients is not sensible since vaccinating seropositives
successfully against any other serotype will result in the recipient no longer being
at risk. This is also true in CRS (d) so that the optimal vaccination ages are almost
the same. The optimal ages in CRS (c) and CRS (d) therefore correspond to the
age at which most primary infections have occurred but at least some secondary
infections can be prevented.

Considering an age-dependent rather than a constant efficacy and an age-
dependent vaccine-induced risk results in similar optimal vaccination ages in
CRS (c) and CRS (d) in general and a slight to moderate increase in optimal vaccin-

ation age in CRS (a) and CRS (b). However, when there is only a single serotype
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in circulation and primary infections are risky the age-dependence has a large
impact. Under this assumption vaccination is indeed recommended for any sero-
type which is not the case for the constant efficacy and constant vaccine-induced
risk. Further the higher efficacy above 9 years compared to the pooled efficacy
results in a lower lifetime expected risk whenever optimal vaccination ages are
high. This is almost always the case when vaccination is recommended.

Most optimal vaccination ages obtained when the vaccine induces a risk in
some recipients are within the permitted age-range for Dengvaxia in Brazil. For
a constant vaccine efficacy when vaccination is recommended only combinations
of three and four serotypes in CRS (a) and CRS (b) lead to optimal vaccination ages
below 9 years. The vaccination ages that are ideal under the current restriction
together with the percentage increase from the minimal lifetime expected risk are
therefore shown in Table 5.8. The effect is rather small with increases between
less than 1% and 7% when vaccination is recommended. However, if vaccination
is carried out for a single endemic serotype even though it is not recommended
the lifetime expected risk increases by as much as 82%. The licence restriction
has no impact if two heterologous infections indeed confer PCI and vaccination
is only carried out if it is recommended. However, under consideration of the
vaccine-induced risk it is potentially best to vaccinate based on the serostatus
rather than the age of a recipient. The licence restrictions may still need to be
revised in light of this if it is determined that solely the serostatus is responsible
for the increased risk and higher efficacy in individuals above the age of 9 years.

No vaccine-induced risk was considered for the risk of lethality due to no
indication of a higher number of deaths so far. However, the risk of hospitalisation
and of lethality are highly correlated with the number of deaths being much
lower than the number of hospitalisations. The lack of data showing an increased
risk of lethality due to vaccination of seronegatives might therefore be due to
the relatively short time-frame and small trial cohort. Even though the results
without a vaccine-induced risk were very similar for lethality and hospitalisation
it will be necessary to determine the effect in the case of lethality once the relevant

data becomes available.

As in the previous chapter a number of model assumptions were made in
order to describe the transmission dynamics of dengue mathematically. However,
any assumption needs to be considered carefully as it will have an impact of the
results that the model yields.

The main difference to the model that was used in the previous chapter was the

age-dependent biting rate which resulted in an age-dependent force of infection.
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This assumption together with the assumption of a cut-off age caused by an
assumed step-death function implies that the differences in the risk functions will
most likely not be a key influence. A step-death function is certainly a much
more realistic assumption for a country like Brazil than a constant death-rate.
As discussed previously it is more realistic to assume some age-dependence in the
transmission of dengue. However, the assumption is not straightforward as data
is necessary to derive such an age-dependent rate. In Section 5.2 the limitations
of the biting rate data which was used to obtain the biting rate for the model
were already discussed. However, what was not discussed was the fact that the
derived biting rate implicitly included the assumption that the force of infection
is very low for adults. This is in fact a very strong assumption as it implies
that mostly children can get infected with dengue. Therefore vaccinating after a
certain age does not have any effect at all due to no subsequent infections taking
place. Additionally the average age of infection is very low as only very few adults
are infected. As a consequence the optimal vaccination ages for all scenarios were
very low.

The low average age of infection is an important point to note, especially
considering that the effective reproduction number, another key parameter of the
model, was derived from data that showed that individuals of all ages are affected
by dengue and which was averaged over Brazil. It is not unlikely that there are
regions with a very low average age of infection. However, it is unlikely that these
regions represent the average endemic region. It is therefore again important to
keep in mind that the presented results only give an indication of the optimal
vaccination age and cannot readily be applied to every endemic region equally
or indeed to any specific endemic region without first determining the correct
parameters and age-dependent functions for the target region of a vaccination
campaign.

A completely new assumption in this chapter was the vaccine-induced risk.
This is a very strong assumption which is based on a very small trial cohort. This
needs to be kept in mind as it is possible that the vaccine-induced risk may indeed
be very different from the one assumed here. In fact it is still argued whether the
vaccine does indeed induce a risk at all. One possible argument for not making
such an assumption is that it could be a short-term effect that was observed in
the trial cohort. Consider the theory that the vaccine-induced risk is solely due
to ADE and that seronegative vaccine recipients are only exposed to a risk similar
to a natural secondary infection but may not experience any further infections.

In this case it is possible that even seronegative recipients could benefit from
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vaccination in the long-term. Considering the large effect this assumption has on
the recommendations for vaccination campaigns any data that becomes available
should be considered to refine the derived risk functions. This is particularly
important in light of a much higher uncertainty in optimal vaccination age for a

vaccine-induced risk as for the risk of hospitalisation without such an assumption.

The results in this chapter clearly reveal the need for more research into the
effect of vaccine-induced antibodies. If vaccination causes a higher risk in seroneg-
ative recipients the optimal vaccination ages are highly impacted. For a single en-
demic serotype vaccination is often not even recommended with a vaccine-induced
risk in any CRS if the efficacy and vaccine-induced risk are age-independent. Only
if DENv3 or DENv4 is endemic in CRS (a) is vaccination beneficial. For several
coexisting serotypes the optimal vaccination ages are much higher than if the
vaccine-induced risk is not considered since vaccination of seronegatives can have
adverse effects and should therefore be prevented.

The model was improved in comparison to the one used in the previous
chapter. However, the results still only give an indication as to when the vaccine
should be administered. They are more accurate since the human death rate was
modelled by a step-death function and an age-dependent rate at which mosqui-
toes bite humans was used. The step-death rate is more realistic for a country
like Brazil but results in a cut-off at the life expectancy so that the high risk in
very old individuals is less relevant and may be slightly underestimated. On top
of that the biting rate that was obtained from data starts to tend to zero at relat-
ively young ages and therefore even further decreases the importance of the high
risk at old ages. The force of infection is directly proportional to the biting rate
and therefore age-dependent in the same way. This means that the probability
of infection at older ages is very low. Dengue is generally considered a childhood
disease but case report data shows that individuals of all ages contract it [29].
The biting rate data that was used in this model may be too crude to capture
the actual dynamics accurately. However, it is difficult to obtain reliable biting
data. The collection process is challenging as the number of bites will depend on
the area and the habits of a specific individual. Additionally the number of bites
is seasonal since the number of mosquitoes tends to be highest during summer
and decreases in autumn and winter. Instead of using the biting rate data it may
therefore be better to use serological data to obtain the force of infection. This

will be done in the next chapter to further improve the accuracy of the results.
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Chapter

Optimal Vaccination Age using

Seroprevalence Data

6.1 Introduction

Serological data is often used in epidemiological modelling to determine key
parameters such as the force of infection and the basic reproduction number
[44, 49, 56, 77, 78]. Muench [107] first introduced what he called the catalytic
method to determine the force of infection from the age-dependent proportion of
seropositives. This seminal work formed the basis for a number of more complex
models that were developed in the following decades [49, 56, 77]. The advantage
of using serological data as opposed to incidence data is their higher accuracy as
serological surveys are not affected by underreporting or misdiagnosis. This is es-
pecially true if the data are obtained using serological tests with a high sensitivity
and specificity. However, there are limitations when it comes to serological data
as well. One of the main difficulties is that the proportion of seropositives will
be affected by vaccination and estimates of the force of infection in a population
where individuals have been vaccinated will be more difficult to obtain. Addi-
tionally, even without vaccination the presence of maternal antibodies at very
young ages needs to be considered since the high proportion of seropositives at
these ages will not correspond to a high force of infection.

In the previous chapter case report data and data recording the number of
bites dependent on the age of the human were used to obtain the mosquito biting
rate, the effective reproduction number and hence the force of infection for each
of the four serotypes. However, dengue is a highly underreported disease for vari-
ous reasons such as poor reporting mechanisms in some countries, asymptomatic

infections and misdiagnosis due to symptoms being similar to other prevalent
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diseases [22]. Additionally, it could be seen that the biting rate that was ob-
tained resulted in a force of infection that tends to zero at fairly young ages (cf.
Figure 5.1). This is not particularly realistic considering that case report data
stratified by age shows that infections occur in all age-groups [29]. Using sero-
logical data to obtain the force of infection directly may therefore significantly
increase the accuracy in the case of dengue. The force of infection can further be
used to determine the mosquito biting rate more exactly than from biting data.

In this chapter the catalytic method will therefore be used to compute the
force of infection and hence the mosquito biting rate from serological data. Con-
sidering serological data from the pre-vaccine era in Brazil means that the force
of infection in the absence of vaccination can be determined. However, the pres-
ence of maternal antibodies at very young ages needs to be taken account of.
No serotype-specific serological profile is available for Brazil so that case report
data will still be used to ascertain serotype-specific forces of infection from the
overall force of infection of dengue. These pre-vaccine serotype-specific forces of
infection are then used to compute the serotype-specific force of infection for a
particular vaccination strategy and thus the lifetime expected risk and optimal
vaccination age.

Similarly to the previous chapter the risk of hospitalisation and lethality will
be considered if vaccine-induced antibodies are assumed to have the same effect as
naturally acquired ones both for a constant and an age-dependent efficacy. Based
on a recently observed increased hospitalisation risk in some vaccine recipients a
vaccine-induced risk is also considered for this risk function. As the use of the
age-groups for children under 9 years and 9 years or older for the analysis of the
Dengvaxia trial data is being criticised [38] and since it is believed that age is
merely a surrogate for serostatus for some of the vaccination outcomes [4, 5, 75]
the vaccine-induced risk in this chapter will be based on the pooled number of
hospitalisations in the long-term follow-up of the trials as given in Table 1.2 (cf.
Section 3.5) when the vaccine efficacy is assumed to be constant, i.e. the age-
groups are being entirely disregarded in this case. All CRSs will be considered
and whenever vaccination ages outwith the permitted age-range are determined

to be optimal the age restriction is applied and the outcomes are compared.
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6.2 Model Assumptions

The model given in Equations (3.3) to (3.5) is used in this chapter with a
step-death function as introduced in the previous chapter by Equation (5.1). Ad-
ditionally the biting rate is assumed to be age-dependent. However, instead of
determining the biting rate from biting data and the force of infection from the ef-
fective reproduction number, the pre-vaccine force of infection will be determined
directly from serological data.

In Section 3.2 the fractions of unaffected and infected humans of age a at
the steady-state were determined to be given by Equations (3.9) and (3.10) re-
spectively. From these fractions the steady-state force of infection for a specific
vaccination strategy can be computed by Equation (3.15). In order to use ser-
ological data from the pre-vaccine era to determine the force of infection for a
specific vaccination strategy it is necessary to determine an expression for the
force of infection before the introduction of the vaccine. This can be done by
considering the steady-state fractions of unaffected and infected of age a when

there is no vaccination taking place, i.e.

up(a) = e~ Jo 2o(C(s)ds, (6.1)

and io(a) = e 1H? /Oa Ao(5)C(s)ugp(s)e™* ds. (6.2)

Mo(a) denotes the pre-vaccine force of infection in this case. It is obtained in a

similar manner to Equation (3.15) and is given by

_ la mbee” T [ q(s)io(s)TH(s)ds
Yl = ) T 1T 2, [ ain(s)ma(5) s (6:3)

By substituting Equation (6.3) into Equation (3.15) the steady-state force of
infection for a specific vaccination strategy can therefore be expressed in terms

of the pre-vaccine force of infection, i.e.

152 q(s)i(s)mu(s)ds L+ =7 fo a(s)io(s)mu(s) dS‘

Aa) = Ao(a) <z Jo” a(s)i(s)mu(s) ds Jo~ als)io(s)mr(s)ds

(6.4)

1+

It is not necessary to determine the effective reproduction numbers in this
case since the pre-vaccine forces of infection for each of the serotypes are sufficient
to calculate the force of infection for any vaccination age and thus the lifetime
expected risk. In order to find the optimal vaccination age the serotype-specific

forces of infection in the absence of vaccination need to be derived. This can be
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achieved by considering serological data as has been shown, for example, by [49]
for a number of different diseases. In the next section the catalytic method will
therefore be applied to serotype-independent serological data that was collected
during the pre-vaccine era in Brazil. It will be seen that it is still necessary to
consider serotype-specific case report data to obtain the serotype-specific forces

of infection from the overall pre-vaccine force of infection.

6.3 Force of Infection from Seroprevalence Data

Muench [107] first introduced the catalytic method to determine the force of
infection of a disease from the serological profile of a population. Farrington [49]
built on Muench’s [107] model to describe the age-dependent force of infection by
a more realistic function. In particular s (a) the proportion of seropositives of
age a before the introduction of the vaccine is obtained by fitting the proportion
of seropositives to the serological data. The age-dependent pre-vaccine force of
infection can then be calculated according to the catalytic method, i.e.

No(a) = d‘s’gé“) (1-si(@) . (6.5)

Farrington [49] argues that a consistent age-dependent force of infection is non-
negative for all ages but very low at birth due to maternal antibodies. One such
consistent force of infection is obtained by setting the proportion of seropositives

of age a to
sg(a) =1 — e tol@ (6.6)
with

a k 1 (k
Ao(a) = /0 Ao(s)ds = kza — k—:ae_k” 5 (k‘; - kg) (e_]”a - 1) . (6.7)

The catalytic method for this function results in the consistent pre-vaccine force

of infection
/\D(a) = (k:la — k‘g) €_k2a + ]{'3 (68)

where k3 is called the residual force of infection.
So far s{ (a) does not take account of individuals who are protected by ma-

ternal antibodies so that if this function is fitted to serological data the effect
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of maternal antibodies is ignored. Maternal antibodies decay quickly and will
therefore only be detected in very young children. As long as the serological data
does not record the proportion of seropositives for very young ages sar(a) can
therefore be used to obtain the force of infection. However, if the serological data
that is used records the fraction of seropositives even for young infants we need to
distinguish between seropositivity due to maternal antibodies and due to a prior
infection. This can be accomplished by considering individuals who are protec-
ted by maternal antibodies and susceptible individuals separately. Denote the
age-density of individuals who are protected by maternal antibodies at age a and
at time t by My(a,t) and that for individuals who are susceptible by Sy (a,t).
Assuming a constant rate of decay of maternal antibodies § the dynamics in the

unaffected human population are then described by

OMy  OMy
90 T ot = Mula.t) — pula)Ma(a.t), (6.9)
oSy 08
and af + aTH = §Mp(a,t) — (Mg (a) + prla)) Sgla,t) (6.10)

with My (0,t) = %2, Sy(0,¢) = 0 for all t > 0 and My(a,0) = Mpo(a) and
Su(a,0) = Spo(a) for all @ > 0. The complete transmission model is thus
given by Equations (3.3) to (3.5) where the equation for unaffected humans is
replaced by Equations (6.9) and (6.10). At the steady-state when the fractions

of individuals of age a who are protected by maternal antibodies m(a) = %g ((Z))
and who are susceptible s(a) = Jffi ((‘Z)) are considered the above equations become
dm
5
dCL m(a)7
d
and d—z = om(a) — Ma)s(a),

with m(0) = 1 and s(0) = 0 where the subscript H was dropped for convenience.

In the absence of vaccination the fractions are therefore respectively obtained as

mo(a) = e, (6.11)
p—ho(@) _ ,—da /a Ao(s)e~5~(Ro(@=Ro(s)s g (6.12)
0

»
=)
—~
S
~—
I

and

Denote the steady-state proportion of all seropositives of age a in the absence

of vaccination by 5§ (a). The only individuals who are seronegative at age a are
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those who are susceptible and therefore

5o (a) =1 = s0(a),
=1—e M@ gm0 / ((kls — kz) e M 4 kg) e~9s=(o@)=Ao(s)) 5.
0
(6.13)

Hence there are two possible methods to estimate the force of infection. The
first is to take J from the literature. Then 57 (a) can be fitted to serological data
and the force of infection can be calculated according to Equation (6.8) ignoring
the effect of maternal antibodies. However, since the available serological profile
for dengue is serotype independent and most values for the decay of maternal
antibodies in the literature are serotype-specific it is better to consider § as an

additional parameter that needs to be fitted.

Muench [107] assumed the force of infection to be constant, i.e. Ag(a) = k3. In
the previous chapter the biting rate from mosquito biting data resulted in a force
of infection of type \g(a) = kjae 2%, This is another consistent force of infection
and could also be considered. However, the best fit for the serological profile
that was determined for Brazil before the introduction of the vaccine is obtained
for a proportion of seropositives that results in the force of infection as given in
Equation (6.8). This can be seen in Figure 6.1 where functions 5§ (a) that result
in each of these forces of infection are fitted to the data. Clearly an increasing
number of parameters in general leads to a better fit. However, the goodness of
fit statistics for the three fits indicate that 53 (a) as given in Equation (6.13) is
the best choice.

The pre-vaccine steady-state force of infection for the presented serological

profile is therefore obtained as
Mo(a) = [(0.3086a —0.0561) e~ 1441 4 0.0561| year™* (6.14)

where § = 2.3350 year—! is the fitted decay of maternal antibodies resulting in an

average duration of passive immunity of 0.4283 years.

The age-dependence of the force of infection is solely caused by that of the
biting rate according to Equation (3.1). This means that the steady-state force of
infection can be written as Ag(a) = &rq(a) where &r is some constant. Similarly
No(a) = &qla) for i = 1,2,3,4 where & are serotype-specific constants. It is
reasonable to assume that the biting behaviour of mosquitoes is neither influenced

by which serotypes they are infected with nor by whether they are infected at
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Figure 6.1: The blue dots show the age-dependent proportion of seropositives for
individuals aged 1 to 20 years according to data that was collected
before the introduction of Dengvaxia in Brazil [28]. Several differ-
ent functions were fitted to this proportion. The catalytic method
resulted in forces of infections given by A\g(a) = k3 (orange line),
Xo(a) = kiae 2% (green line) and A\o(a) = (k1a — k3) e "% + k3 (red
line) respectively. The best fit is obtained by fitting Equation (6.13)
as shown by the red line.

all and therefore the biting rate has to be serotype-independent. Further the
cumulative force of infection of the four serotypes is the sum of the individual

forces of infection. Consequently at the steady-state

Ao(a) = Agla) + Ag(a) + A5(a) + Xg(a),
=&+ &+ EG+E)q(a), (6.15)
= gTQ<a)7

must hold where &; for i = 1,2, 3,4 are serotype-specific constants.

From serotype-specific serological data it would be possible to determine &; for
each serotype. However, in the absence of such data the ratios & : & @ &3 1 &4 need
to be determined in a different way. This can be done by considering case report
data. In particular data collected through SINAN between 2000 and 2014 can be
used to determine the number of reported cases for each serotype. The data shows
that DENv2 caused the least infections during the recorded time while DENv1
caused the highest number of infections. It must be true that more infections
caused by serotype ¢ imply a larger force of infection and therefore a larger &;.

From the model it is clear that seronegatives will become infected with serotype
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i at rate \)(a)C;(a) and if all four serotypes are circulating the probability that
the individual is affected by serotype ¢ given that he or she is infected at age a is

therefore given by

- N(a)C(a

Ao(a)C(a) + A5 (a)C(a) + Aj(a)C(a) + Xg(a)Cl(a)’
N &
Ta &t E&ETE

where C;(a) =~ C(a) for all four serotypes. This approximation is based on the
fact that the rate of decay of maternal antibodies is similar for all serotypes at
young ages and once maternal antibodies have declined (that is for most ages)
Ci(a) = 1 for i = 1,2,3,4 [119]. Considering that the age-dependence of the
force of infection is assumed to be the same for all serotypes and that the decay
of maternal antibodies is very similar p;(a) is (approximately) age-independent. It
is therefore the probability of an infection being recorded as one of serotype 7 and
the ratios & : & @ &3 1 &4 can thus be taken from the ratios of the reported numbers
of infections n; : ny : n3 : ng. Clearly this is only an approximation. While
serotypes that have only recently been introduced to Brazil (i.e. DENv4) are under-
represented at the beginning of the data this is balanced out by a higher number
of reported cases of these serotypes for later years due to immunity against the
remaining serotypes. If there is no ADE it can be argued that primary infections
are most likely to be reported due to subsequent partial immunity. The case
report data would then mainly correspond to primary infections and the above
approximation would be fairly accurate. In fact, q(a) and consequently \}(a)
(1 = 1,2,3,4) are higher at young ages. At young ages secondary infections are
less likely to have occurred and they are therefore less relevant. The estimates can
therefore be used as a crude approximation even without considering secondary,
tertiary and quaternary infections.

Using Equation (6.15) and considering the number of reported cases for each

of the serotypes the serotype-specific forces of infection are computed as

i _ &
AO(G) B +&+EE+HE4G Aola), (6.16)
n;
~ /\0((1).

N1+ Ng + N3 + 1y

Based on the SINAN data the forces of infection in the absence of vaccination are
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Figure 6.2: The serotype-specific forces of infection that were obtained from the
serological profile (cf. Figure 6.1) and case report data before the
introduction of a vaccine.

obtained as shown in Figure 6.2. Clearly the high number of reported DENv1
cases results in the highest force of infection. The remaining serotypes have very
similar forces of infection. For all serotypes it is highest at young ages which is

reasonable considering that dengue is a childhood disease.

&r can be determined from Ag(a) by substituting ¢(a) = ’\2—(;) into Equa-
tion (6.3) to obtain
| — mbce”HMT Jo° Xo(a)ip(a)mr(a) da
pule & (& + 257 J5° Mola)io(a)m (a) da)

which can be solved numerically to find the strictly positive solution &r. Sub-

sequently ¢(a) can be computed as

g(a) = |(162.1207a — 29.4558) e~ "1*1* - 29,4558 year™". (6.17)

Having found the serotype-specific forces of infection in the absence of vac-
cination as well as the biting rate the force of infection for any serotype can be
determined according to Equation (6.4) when vaccination takes place. As before
the forces of infection for a specific vaccination strategy are necessary to determ-
ine the lifetime expected risk and thus the optimal vaccination age. The results
obtained by doing so for the different risk assumptions and CRSs will be presented

in the next section.
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6.4 Optimal Vaccination Age

In the previous section serotype-specific forces of infection were derived from
serological data and case report data that was collected before the introduction of
Dengvaxia in Brazil. The best fit of the proportion of seropositives when maternal
antibodies are considered was found to result in a force of infection with a residual
term, i.e. for very high ages the force of infection tends to this residual force.
Using data that records the number of mosquito bites for specific ages to obtain
the mosquito biting rate and thus the force of infection as in the previous chapter
did not lead to such a residual. Instead the force of infection that was derived
from this data tended to zero fairly quickly. Dengue is typically considered a
childhood disease so that this may seem reasonable. However, individuals of all
ages get infected by the virus [29] and a residual force of infection at older ages
is therefore more realistic.

In this section the serotype-specific forces of infection that were derived from
serological data are used to compute the lifetime expected risk. In Section 6.4.1
the lifetime expected risk will be determined for the risk of hospitalisation when
there is no distinction between vaccine-induced antibodies and natural infection,
in Section 6.4.2 for the risk of hospitalisation when there is a vaccine-induced risk
and in Section 6.4.3 for the risk of lethality. For each of these risk assumptions
all CRSs will be considered. In addition to the theories regarding the interactions
between the dengue virus serotypes there are a number of vaccine-related factors
that are still being discussed. In particular it is unclear whether the vaccine
efficacy is age-dependent or serostatus dependent. Similarly the increased risk
when vaccine-induced risk is considered may solely depend on the serostatus or
on the age of the recipient as well. Considering that the use of the age-groups for
the analysis of the Dengvaxia trial is being challenged [38] the age-groups will be
disregarded entirely to begin with, i.e. a constant efficacy will be assumed and in
the case of vaccine-induced risk the pooled data is considered to determine the
relative risks based on the infection and vaccination history of an individual as
described in Section 3.5. However, the effect of the age-groups will briefly be dis-
cussed to highlight its effect. As before any number and combination of serotypes
will be discussed in detail for the risk of hospitalisation when there is no distinc-
tion between vaccine-induced antibodies and natural infection and hospitalisation
when there is a vaccine-induced risk. For each of these risk functions differences
for the age-dependent efficacy case will be pointed out based on an area with a
single endemic serotype. For the risk of lethality all results will be summarised.

Lastly in each subsection the age-restriction of the current Dengvaxia licence for
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Brazil will be applied to all vaccination ages that are out with the range of 9 to

45 years.

6.4.1 Minimising the Risk of Hospitalisation

Reducing the risk of requiring hospital treatment due to an infection with
dengue has the potential to significantly lower the socio-economic burden the
disease causes in Brazil. In order to maximise the impact of vaccination it is
necessary to determine the optimal age for individuals to be vaccinated. This
will be done in this subsection when vaccine-induced antibodies are assumed to
have the same effect as naturally acquired ones for all CRSs and any number and
combination of serotypes. The efficacy of the vaccine will be assumed constant
but the influence of an age-dependent efficacy will briefly be discussed. Initially
vaccination will be permitted at any age that decreases the risk of hospitalisation
to its minimum. However, since the use of Dengvaxia is restricted to individuals

aged 9 to 45 years this constraint will be applied and the effect of it analysed.

Constant Vaccine Efficacy

The lifetime expected risk as a function of the age at which the first vaccination
dose is administered is shown in Figure 6.3 for an area with a single endemic
serotype. The subfigures correspond to the four CRSs as described in Section 3.4.
The non-zero residual force of infection clearly implies that infections occur at all
ages. This can be seen from Figure 6.3a where all infections are assumed risky
since the lifetime expected risk increases with age after the minimum is reached.
This was not the case in the previous chapter where the force of infection for each
serotype tended to zero very early and vaccination no longer had an effect later
on. However, even with this residual force of infection the optimal vaccination age
for a single endemic serotype is very low. This can be observed from Figure 6.3a.
For DENv1, DENv2 and DENv3 the optimal vaccination age is only between 9 and
11 months, while for DENv4 it is 20 months. However, even though the optimal
vaccination ages are similar the graph shows significant differences between the
four serotypes. The differences are mainly caused by different forces of infection
and the differences in vaccine efficacy. DENv1 has the highest force of infection,
followed by DENv3, DENv4 and lastly DENv2. On the other hand the vaccine is
most effective against DENv4 with almost 77% efficacy. It is similarly effective
against DENv3 (72%), but less so against DENvl and DENv2 with roughly 55%

and 43% of vaccinated individuals being immunised successfully against these
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serotypes. From Figure 6.3a it is clear that in general for younger ages a higher
efficacy results in a lower lifetime expected risk. However, by comparing DENv1
and DENv2 at young vaccination ages it is also apparent that the much higher
force of infection of DENv1 is decisive if the efficacies are similar. For very high
vaccination ages the lifetime expected risk caused by DENv2 is lower than that
of DENv3 and DENv4. At these ages the force of infection seems to be decisive.
In fact this can intuitively be explained; at young ages a higher efficacy will
lead to many individuals that are successfully vaccinated against the endemic
serotype so that the force of infection will be reduced and more natural infections
will be prevented. Even if the force of infection in the absence of vaccination
is higher than for other serotypes the risk may be lower. On the other hand,
if vaccination takes place only later in life the higher force of infection in the
absence of vaccination will have already caused many natural infections. Even
with a higher vaccine efficacy not many infections can be prevented and therefore
the lifetime expected risk in this case is lower for serotypes with a low force of
infection. At very old vaccination ages, i.e. when the vaccine has hardly any
effect since most infections will have occurred and individuals will die shortly
after vaccination, the lifetime expected risk due to DENv2 is therefore lowest due
to its low force of infection. The combination of a very high force of infection in
the absence of vaccination and low efficacy for DENv1 leads to the highest risk
independently of the vaccination age.

These observations are equally true in CRS (c¢). However, for asymptomatic
third and fourth infections the optimal vaccination ages for DENvl and DENv2
have slightly increased to 11 months, while that for DENv4 has decreased from 20
to 14 months in comparison to CRS (a). For all serotypes the lifetime expected risk
is significantly lower and additionally the differences at young ages between the
different serotypes are less pronounced. The reason for this is that the vaccination
does not necessarily need to be effective against the serotype that is actually in
circulation. In order to reduce the lifetime expected risk it is sufficient for the
vaccine to be successful against two non-endemic serotypes before an infection
with the one in existence occurs. Therefore even for serotypes with a lower efficacy
the risk can be reduced due to the higher efficacy against the other serotypes.
The higher risk due to DENv1 compared to the remaining serotypes is then caused
by the higher force of infection.

If primary infections are risk-free for a single serotype in existence as in Fig-
ures 6.3b and 6.3d vaccination is not recommended. The explanation for this is

that the tetravalence of the vaccine makes it possible that an individual is immune
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to a non-existent serotype before getting infected with the serotype in circulation.
The natural infection is then a secondary, tertiary or quaternary infection and
may be risky. Without vaccination it would have been risk-free and since there
is no possibility of a secondary-type infection the lifetime expected risk without
vaccination is zero. At younger ages DENv1 still poses the highest risk due to
the high force of infection and relatively low efficacy, but at older ages DENv2
poses the highest risk even though it has a low force of infection in the absence
of vaccination. This is because the vaccine is least effective against this serotype
but quite effective against DENv3 and DENv4 so that there is a high probability
of the infection with DENv2 occurring after successfully vaccinating against any
of the other serotypes. In CRS (d) this effect is actually slightly less pronounced
than in CRS (b) since the very low efficacy for DENv2 in comparison to DENv3 and
DENv4 indicates that there is a good chance of successful immunisation against
two of the other serotypes. An infection with DENv2 is therefore likely to be
asymptomatic and will not contribute to the lifetime expected risk.

From considering an endemic area with a single serotype it can therefore be
seen that the differences in force of infection and efficacy for the four serotypes are
very relevant in determining the burden of dengue in an endemic region. However,
the optimal vaccination age is very similar for all serotypes and more impacted by
the CRS. Vaccination is counter-productive in CRS (b) and CRS (d) when primary
infections are risk-free. Assuming risk-free post-secondary infections in CRS (c)
results in optimal vaccination ages that are almost identical for all serotypes.
In this case the differences in efficacy are less relevant since vaccination against
non-endemic serotypes has the potential to reduce the risk caused by the endemic

serotype.

For an endemic region with two co-circulating serotypes the lifetime expected
risk is presented in Figure 6.4. The lifetime expected risk in each CRS is higher
for two circulating serotypes than for a single serotype. This is to be expected
since an additional serotype will increase the number of risky infections.

Figure 6.4a shows the results for CRS (a). The optimal vaccination age for each
combination is similarly low as the optimal vaccination age in an endemic region
with only one serotype, i.e. between 9 and 14 months. It can further be seen
that there are two groups of combinations which show a comparable behaviour
of lifetime expected risk. Combinations including or not including DENv1 behave
differently. Regions where DENv1 is endemic pose a higher lifetime expected risk
than those where DENv1 is not present. This is caused by the very high force of

infection in the absence of vaccination coupled with the low efficacy for DENv1 and
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the higher number of infections that this entails. The effectiveness of the vaccine
is indicative of how the lifetime expected risk of a combination compares to the
remaining combinations since the forces of infection for the remaining serotypes
are very similar, i.e. DENv12 results in the highest lifetime expected risk while
DENv34 results in the lowest one for most vaccination ages. Again at very high
ages this changes slightly with DENv13 causing the highest risk. The reasons for
this are similar to the case of a single endemic serotype.

In CRS (b) vaccination is now recommended as can be seen from Figure 6.4b.
The optimal vaccination age in this case is between 165 and 335 months, where the
lowest vaccination age is obtained for the combination of DENv34. The reason for
this increase in age compared to CRS (a) is that vaccination is now only necessary
after a primary infection. In fact, since the vaccine may only be successful against
one serotype, it is best to vaccinate after the first but before a second infection
in order to reduce the lifetime expected risk most noticeably. Interestingly there
is a wide age-range in which near optimal vaccination is possible. This is because
vaccination is still beneficial even if it takes place after some secondary but before
most tertiary or quaternary infections occur. The lifetime expected risk decreases
in comparison to CRS (a) since the first infection no longer contributes to it.
However, the effect of the different efficacies and forces of infection is analogous.

The results for CRS (c) are presented in Figure 6.4c where it can be seen that
the optimal vaccination age is similar to that obtained in CRS (a), i.e. between 11
and 12 months. Similarly to the case of only one endemic serotype the asymp-
tomaticity of post-secondary infections means that successful vaccination against
any two serotypes is sufficient to reduce the risk. This results in the efficacy of
the serotypes that are actually endemic being less relevant and therefore fewer
differences between the two groups including and excluding DENv1. The differ-
ence between these two groups is solely caused by the high force of infection for
DENv1.

The observations that can be made in Figure 6.4d for CRS (d) are as expec-
ted after considering the remaining CRSs. In particular the optimal vaccination
ages between 83 and 123 months are much higher than in CRS (c¢) since primary
infections do not need to be targeted. However, they are lower than in CRS (b)
and there is a much steeper increase after the optimal vaccination age since vac-
cination is only effective if it takes place before most secondary infections occur.
In CRS (d) vaccination is ideally administered between the first and second in-
fection when most secondary infections can be prevented. The high combined

efficacy for DENv34 results in the lowest optimal age. This is because an earlier
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age means that more infections can be prevented even if not all primary infections
have occurred yet. Again the two groups of serotype combinations show a similar
behaviour. In this case successful vaccination against any two serotypes before
a primary infection or any serotype an individual was not infected with after a
primary infection is sufficient for an individual to no longer be at risk.

For two coexisting serotypes the CRS is the most relevant factor when the
optimal vaccination age is determined. CRS (a) and CRS (c) result in fairly similar
vaccination ages since in both scenarios primary infections need to be targeted
and therefore the ideal vaccination age is determined by the time at which a
balance is found between vaccinating before most primary infections occur but
after maternal antibodies have declined. CRS (b) results in much higher optimal
vaccination ages since vaccination can reduce the risk if it is given after a primary
infection but before a quaternary infection. The optimal vaccination age for
CRS (d) is lower than in CRS (b) since vaccination is only beneficial if it takes
place before an individual has had a secondary infection. The exact combination
of serotypes is more relevant in CRS (b) and CRS (d) than in CRS (a) and CRS (c)
since the optimal vaccination ages in the former vary much more. This is caused

by the differences in force of infection and efficacy.

In endemic regions with three or four co-circulating serotypes the results are
in fact very similar to those of two serotypes as can be seen in Figures 6.5 and 6.6
respectively. The optimal vaccination ages in CRS (a) and CRS (c) are very low
between 9 and 11 months in all cases of three coexisting serotypes and is 11
months for all four serotypes coexisting. In CRS (b) the vaccination age increases
to between 140 and 182 months for three coexisting serotypes and to 124 months
for all four serotypes in an endemic region. Similarly to two coexisting serotypes
the age again decreases in CRS (d) where it is between 56 and 63 months and
48 months for three and four endemic serotypes respectively. Note that these
optimal vaccination ages are in general lower than the corresponding ones for
two endemic serotypes. This is to be expected as a higher number of serotypes
decreases the average age of infection. The targeted infections occur earlier and
therefore the vaccine needs to be administered earlier if more serotypes coexist.
From Figure 6.5 it can also be seen that the higher force of infection for DENv1
means that combinations of three serotypes that include DENv1 result in a higher

lifetime expected risk.

The optimal vaccination age if the aim is to reduce the risk of hospitalisation

mostly depends on the considered CRS. If primary infections are considered risky,
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i.e. in CRS (a) and CRS (c), the optimal vaccination age for a constant vaccine
efficacy is between 9 and 20 months for all combinations of serotypes. It does
not vary significantly with the assumption of PCI since the first infection in this
case accounts for a significant part of the risk. On the other hand, in CRS (c)
and CRS (d) the optimal age is much higher, but now depends significantly on
whether third and fourth infections are asymptomatic and also varies slightly
with the number of serotypes. In general the optimal age decreases with the

number of serotypes, particularly in CRS (c¢) and CRS (d).

All results for a constant efficacy when the risk of hospitalisation is being
minimised through vaccination are summarised in Table 6.1. From the results it
is clear that considering risky primary infections (CRS (a) and CRS (c)) leads to a
very low optimal vaccination age independently of the number or combination of
serotypes. The optimal vaccination age lies between 9 and 14 months for almost
all serotype combinations in both scenarios, The only exception is CRS (a) when
the only serotype in circulation is DENv4 in which case the first dose should be
administered to children aged 20 months. However, assuming risk-free primary
infections as in CRS (b) and CRS (d) result in very different optimal vaccination
ages. All optimal vaccination ages significantly increase with the exception of
those for a single serotype in circulation. For regions with a single endemic
serotype vaccination is in fact not recommended at all since primary infections are
risk-free and Dengvaxia is an imperfect vaccine. Vaccination leads to an increased
risk in this case since it can result in immunity to a non-existing serotype prior
to natural infection with the endemic serotype so that the otherwise harmless
natural infection is similar to a secondary infection and therefore risky. In CRS (d)
optimal vaccination ages do not increase as much as in CRS (b). This is caused
by the fact that vaccination in this case is only beneficial if it is given before a
secondary infection takes place. Vaccination can still reduce the risk in CRS (b)
even after a secondary infection so that the age is higher. Interestingly the optimal
vaccination ages significantly vary with the number of coexisting serotypes if
primary infections are considered risk-free but there is much less variation if they
are considered risky. In CRS (b) and CRS (d) more co-existing serotypes lead to a
lower optimal vaccination age. This is plausible since a higher number of serotypes
decreases the average ages of infection. This decrease in age is not relevant in
CRS (a) and CRS (c) since vaccination already takes place as soon as maternal
antibodies decline sufficiently in order to prevent as many primary infections as
possible. However, in CRS (b) and CRS (d) the decrease in average age of the

second infection leads to a lower optimal vaccination age which is particularly
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Table 6.1: The optimal vaccination age A; in months which minimises the lifetime
expected risk E of hospitalisation for all CRSs. The vaccine efficacy is
assumed serotype-specific but age-independent as given in Table 1.1.
‘~” represents cases in which vaccination is not recommended, i.e. when
A was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay Exi0-3 Ay Ex10-3 Ay Exi0-3 Ay Exi0-3
DENv1 9 27.89 - 0.00 11 10.94 — 0.00
DENv2 9 2217 - 0.00 11 7.37 - 0.00
DENv3 11 8.07 — 0.00 11 3.90 - 0.00
DENv4 20 7.43 — 0.00 14 3.64 — 0.00
DENv12 9 50.06 335  31.51 11 15.73 102 8.86
DENv13 10  36.04 220 24.48 11 13.71 102 8.11
DENv14 11 35.86 223 22.09 11 13.52 102 7.54
DENv23 9 30.36 242 21.04 11 10.41 119 6.04
DENv24 11 30.19 242 19.10 12 10.23 123 5.51
DENv34 14  15.75 165 11.72 11 7.31 83 4.45
DENv123 9 58.24 182  44.64 11 17.83 56 11.07
DENv124 10  58.17 182 42.00 11 17.67 63  10.68
DENv134 11 43.92 140  33.50 11 15.96 56 9.93
DENv234 11 38.26 165 28.98 11 1297 63 7.98
DENv1234 11 66.27 124 53.67 11 19.53 48  12.37

clear in CRS (d) since then vaccination is most beneficial if it takes place between
the primary and secondary infection. On the other hand the minimal lifetime
expected risk is lowest if only a single serotype circulates and additional serotypes
lead to an increase in lifetime expected risk as one would expect independently
of the CRSs.

Age-Dependent Vaccine Efficacy

For an age-dependent efficacy the results are summarised in Table 6.2. Most
of the observations are similar to those for a constant efficacy. However, in CRS (a)
and CRS (c) there are some serotype combinations that lead to much higher vac-
cination ages than in the case of a constant efficacy and the minimal lifetime
expected risk is higher in all cases independent of whether the optimal vaccina-
tion age is affected by the assumption of an age-dependent efficacy. The increase
in minimal lifetime expected risk for cases where the optimal vaccination age is
unchanged in comparison to a constant efficacy is due to the fact that the age-
dependent efficacy at these young ages is lower than if the efficacy is pooled.

For those cases where the optimal vaccination age increases to 108 months (i.e.
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9 years) the vaccine efficacy is actually higher than if it is assumed constant.
However, in these cases the efficacy at young ages is much lower so that it is
more effective to allow some infections to take place at young ages and instead
vaccinate as soon as the higher efficacy applies. That these early infections oc-
cur can be seen since the lifetime expected risk is higher in comparison to the
constant efficacy case, i.e. even though the vaccine efficacy is higher the risk is
higher since less infections can be prevented. In CRS (c¢) and CRS (d) it is crucial
for the vaccination to take place before a secondary infection. There is no longer
any trade-off effect in allowing more break-through cases to occur in order for the
vaccine to be more effective if these break-through cases are secondary infections.
Therefore the optimal vaccination age is less influenced than in CRS (a).

In CRS (b) and CRS (d) there is much less dramatic difference between the
optimal vaccination ages for a constant and an age-dependent efficacy. CRS (d)
requires vaccination at slightly higher ages if vaccination was recommended before
9 years for constant efficacy. For some combinations in CRS (b) and CRS (d) which
already led to vaccination above 9 years the optimal vaccination age actually

decreases slightly, e.g. in an endemic area with DENv14 or DENv24. In all scenarios

Table 6.2: The optimal vaccination age A; in months which minimises the lifetime
expected risk E of hospitalisation for all CRSs. The vaccine efficacy is
assumed serotype-specific and age-dependent as given in Table 1.1. ‘-
represents cases in which vaccination is not recommended, i.e. when
Ay was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay Exi0-3 Ay Ex10-3 Ay Exi0-3 Ay Exi0-3
DENv1 9 34.83 - 0.00 11 2.09 - 0.00
DENv2 108  26.04 - 0.00 108 1.41 — 0.00
DENv3 11 12.57 - 0.00 11 0.84 - 0.00
DENv4 108  10.49 — 0.00 108 0.84 - 0.00
DENv12 9 62.67 253 29.38 11 30.83 109 7.06
DENv13 10  47.50 212 22.88 11 27.36 109 6.50
DENv14 108  50.34 213  19.45 12 29.24 109 5.78
DENv23 10 40.55 242 19.56 11 21.47 109 4.71
DENv24 108  36.54 236  16.68 108  22.08 109 4.06
DENv34 108  26.44 133 9.84 14 19.08 109 3.33
DENv123 9 75.41 165  41.33 11 35.43 109 9.93
DENv124 108  76.41 167  37.61 11 36.70 109 9.20
DENv134 108  66.28 130  29.75 11 34.15 109 8.66
DENv234 108  52.48 165  25.64 14 29.21 109 6.43
DENv1234 108 92.32 119 4.81 11 40.27 108 12.21
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the minimal lifetime expected risk is lower than in the case of a constant efficacy
since the vaccine is more effective at the ages at which vaccination takes place if

age-dependence is assumed.

The lifetime expected risk for an endemic region with a single serotype when
the efficacy is assumed age-dependent is shown in Figure 6.7. By comparing these
results to those for a constant efficacy in Figure 6.3 the effect of the age-dependent
efficacy can be seen. While the main observations are equivalent there are three
features that distinguish the two assumptions regarding efficacy independent of
the considered CRSs. The vaccine efficacy is lower for children under the age of 9
and higher for children aged 9 and above for each of the serotypes when compared
to the pooled efficacy. This leads to the most noticeable difference being that
there are three drops in the lifetime expected risk. These drops are caused by
one of the three vaccination doses being administered above the age of 9 years so
that the vaccine efficacy increases. The last drop corresponds to the vaccination
age of the first dose being 9 years when all three doses are administered with the
higher efficacy. Since the vaccine efficacy is least affected by the age for DENv3
the drops are least pronounced for this serotype and similarly since the difference
is most significant for DENv4 the lifetime expected risk is most affected. The
second difference is that the lifetime expected risk is higher at younger ages and
once the higher efficacy applies it is lower for some time than in the constant
efficacy case. Again this is due to the efficacy being lower for children under
the age of 9 in comparison to the constant efficacy and higher otherwise. Once
vaccination takes place at very high ages there is no longer any difference since no
infections will be prevented. Since in the younger age-range the efficacy for DENv3
in the age-dependent case is higher than that of DENv4, DENv4 poses a higher risk
than DENv3 at younger ages. Lastly in CRS (b) and CRS (d) vaccination is still
not recommended at all. However CRS (a) and CRS (c) result in an increase in
the optimal vaccination age to 108 months for DENv2 and DENv4. This is due
to the significant increase in efficacy for those two serotypes if vaccination is
administered at 9 years or above so that it is better to allow some break-through
cases to occur if more infections can be prevented due to the much higher efficacy.
The lifetime expected risk and optimal vaccination ages for several coexisting
serotypes are similarly affected by the assumption of an age-dependent vaccine
efficacy as can be seen from Table 6.2 and will therefore not be discussed in any

more detail.
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Licence Restrictions

Many of the optimal vaccination ages that minimise the risk of hospitalisation
are far below 9 years which is the minimum age for Dengvaxia recipients. Particu-
larly low ages were found for CRS (a) and CRS (c). However, even for CRS (d) some
optimal vaccination ages are below 9 years. The assumption of an age-dependent
efficacy leads to more cases with an optimal vaccination age that is in accord-
ance with the licence restrictions of Dengvaxia. The question therefore remains
at which age the vaccine should be given considering that it is only permitted to
vaccinate individuals between the ages of 9 and 45 years and how this influences
the lifetime expected risk.

In Tables 6.3 and 6.4 the recommended vaccination ages for individuals aged 9
to 45 years are given together with the percentage increase of the lifetime expec-

ted risk from its minimum for a constant vaccine efficacy and an age-dependent

Table 6.3: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk E
of hospitalisation. The percentage increase from the optimal lifetime
expected risk % is given for any case in which the optimal vaccina-
tion age lies outwith the permitted age-range of Dengvaxia. For cases
in which vaccination is not recommended the minimal lifetime expec-
ted risk is zero, so that the percentage increase is given by oo. The
vaccine efficacy is assumed serotype-specific but age-independent as
given in Table 1.1.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% Ay 0% Ay 0%
DENv1 108 52 538 00 108 167 538 00
DENv2 108 26 538 00 108 113 538 o0
DENv3 108 108 538 %) 108 223 538 00
DENv4 108 73 538 00 108 175 538 00
DENv12 108 41 335 - 108 170 109 <1
DENv13 108 64 220 - 108 194 109 <1
DENv14 108 54 223 - 108 182 109 <1
DENv23 108 48 242 - 108 162 119
DENv24 108 36 242 - 108 145 123 -
DENv34 108 89 165 - 108 205 109 1
DENv123 108 50 182 - 108 196 109 9
DENv124 108 43 182 — 108 188 109 7
DENv134 108 64 140 - 108 207 109 9
DENv234 108 51 165 - 108 179 109 4
DENv1234 108 51 124 - 108 212 108 19
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Table 6.4: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk F
of hospitalisation. The percentage increase from the optimal lifetime
expected risk g% is given for any case in which the optimal vac-
cination age lies outwith the permitted age-range of Dengvaxia. For
cases in which vaccination is not recommended the minimal lifetime
expected risk is zero, so that the percentage increase is given by oo.
The vaccine efficacy is assumed serotype-specific and age-dependent
as given in Table 1.1

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% Ay 0% Ay 0%
DENv1 108 14 538 00 108 29 538 00
DENv2 108 -~ 538 00 108 ~ 538 00
DENv3 108 27 538 00 108 38 538 00
DENv4 108 ~ 538 00 108 ~ 538 00
DENv12 108 5 253 -~ 108 27 109 -
DENv13 108 17 212 ~ 108 37 109 -
DENv14 108 -~ 213 ~ 108 19 109 -
DENv23 108 4 242 ~ 108 16 109 -
DENv24 108 ~ 236 ~ 108 ~ 109 -
DENv34 108 ~ 133 ~ 108 4 109 -
DENv123 108 9 165 ~ 108 39 109 -
DENv124 108 ~ 167 ~ 108 27 109 -
DENv134 108 -~ 130 - 108 32 109 -
DENv234 108 ~ 165 ~ 108 12 109 -
DENv1234 108 ~ 119 ~ 108 40 108 =

one respectively. It can be seen that for all combinations of serotypes with an
optimal vaccination age below 9 years the vaccination should take place as soon
as possible once it is permitted, i.e. at 9 years (108 months). The lifetime expec-
ted risk, however, can increase significantly from its minimum particularly for a
constant efficacy. It is in fact more than twice the minimal one for some serotype
combinations in this case. For an age-dependent efficacy the increase is not quite
as drastic (only up to 40% increase) due to the higher efficacy for children above
the age of 9 years. In general the lifetime expected risk increases more in CRS (a)
and CRS (c¢) than in CRS (b) and CRS (d). In fact, whenever vaccination is re-
commended in CRS (b) the optimal vaccination age already adheres to the licence
restriction so that there is no negative effect in this scenario. In regions with a
single endemic serotype vaccination is not recommended if primary infections are
risk-free. However, if vaccination is given it should be done as late as possible,

i.e. at 45 years.
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The effect of the licence restriction in the case of serotype-specific forces of
infection being derived from serological data and case report data is therefore very
similar to the previous model. The restriction is only sensible, or has no effect,
if CRS (b) realistically describes the cross-reactions of the different serotypes. If
other cross-reactions influence the risk of an infection, restricting the vaccination
age to the range of 9 to 45 years makes it difficult to deploy the vaccine in the
most effective way. It is therefore crucial to determine which CRS is most realistic.
Depending on the actual CRS it might be necessary to revise the minimal age for

vaccination.

6.4.2 Minimising the Risk of Hospitalisation under

Consideration of Vaccine-Induced Risk

One of the biggest challenges of dengue vaccination is the possibility for
vaccine-induced ADE. For Dengvaxia initial safety analysis did not indicate such
a vaccine-induced risk. However, in the long-term follow-up of the trials an in-
creased number of hospitalisations in seronegative recipients was observed com-
pared to the seronegative control group (cf. Table 1.2). In light of these recent
findings it is important to determine the optimal vaccination age when vaccina-
tion has potentially negative effects. In fact, it may be possible that vaccination
is not recommended at all due to the increased risk in some recipients.

In this subsection a vaccine-induced risk based on the recorded number of
hospitalisations in the long-term follow-up will be considered. Initially the age-
groups that were used for the analysis of the trial data will be entirely disregarded,
i.e. both the vaccine efficacy and the induced risk will be assumed constant based
on the pooled data given in Tables 1.1 and 1.2. However, the results obtained
using the age-dependent data will briefly be compared. Lastly the current age-
restriction of Dengvaxia will be applied and the consequences of this restriction

discussed.

Constant Vaccine Efficacy and Vaccine-Induced Risk

To begin with consider a region with a single endemic serotype. The results for
such a region are shown in Figure 6.8 where as before the subfigures correspond
to the four CRSs. Clearly the vaccine-induced risk has a very large impact on the
lifetime expected risk. This can be seen by comparing Figures 6.3 and 6.8.

When all infections are risky as shown in Figure 6.8a the vaccination age is
between 9 and 32 months for DENv1, DENv3 and DENv4 which is very low. For
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DENv2 the optimal vaccination age is 182 months and therefore much higher.
Interestingly it can be seen that for DENv2 vaccination has very little effect in-
dependently of the vaccination age. The lifetime expected risk is a rather flat
function of the age at which the first dose of Dengvaxia is administered. For the
remaining serotypes the impact of vaccination is larger, particularly for DENv3
and DENv4. This is most likely due to how effectively the vaccine immunises
against each of the serotypes. The efficacy is highest for DENv4, followed by
DENv3 and DENv1 and lowest for DENv2. It can therefore be expected that few
infections caused by DENv2 can be prevented. Successful vaccination causes a
higher risk in seronegative recipients and with the vaccine being more effective
against DENv1l, DENv3 and DENv4 the likelihood is high that if only DENv2 is
endemic and vaccination takes place early many seronegative individuals will be
successfully vaccinated against non-endemic serotypes. In this case some DENv2
infections may be prevented but the vaccine will induce a higher risk in many post-
vaccination infections. It is therefore better to vaccinate later so as to prevent
successful vaccination of seronegatives against non-endemic serotypes. However,
vaccinating later means that fewer infections caused by DENv2 can be prevented.
Therefore the lifetime expected risk cannot be significantly reduced independ-
ently of the vaccination age. For the remaining serotypes most infections can
be prevented if vaccination takes place early. With the higher efficacy for these
serotypes it is more likely that the vaccine will be effective against the endemic
serotypes. However, in order to reduce the number of successfully vaccinated
seronegatives vaccination takes place at ages at which some maternal antibodies
persist. The lower the efficacy the more relevant it is to reduce the chances of
successful immunisation of seronegatives so that for DENv1 the optimal vaccina-
tion age is lowest. The decay of maternal antibodies protecting against DENv4
is slower compared to that of DENv3 and therefore the optimal vaccination ages
vary even though the efficacy against those two serotypes is similar.

From Figure 6.8a one can further see that the highest risk is due to DENv1
followed by DENv2, DENv3 and finally DENv4 for most vaccination ages. At very
high vaccination ages the risk due to DENv2 is in fact lower than that of DENv3
and DENv4. Considering that the force of infection for DENv1 is highest and that it
is very similar for the remaining serotypes this is not surprising. The low efficacy
for DENv2 results in vaccination having very little effect, while the high efficacy
for DENv3 and DENv4 means that the risk can significantly be reduced.

If primary infections are risk-free vaccination is not recommended as shown

in Figures 6.8b and 6.8d for symptomatic and asymptomatic post-secondary in-
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fections respectively. This is intuitive since in an endemic region with a single
serotype in existence and risk-free primary infections there is zero lifetime ex-
pected risk. Vaccination causes some infections to be a secondary type infection
and therefore risky and in addition if a seronegative individual is successfully
vaccinated the vaccine increases the subsequent risk further. This is independent
of whether two heterologous infections confer PCI. However, if there is PCI the
differences in efficacy between the four serotypes are less relevant. Successful vac-
cination against any two serotypes means that the recipient will not experience
a risky infection even after vaccination so that the overall efficacy is more decis-
ive. In both CRSs the higher vaccine efficacy in combination with the lower force
of infection again results in the lifetime expected risk being lowest for DENv4 if
vaccination is carried out despite not being recommended.

In CRS (c) when primary infections are risky but post-secondary infections
risk-free vaccination is also not always recommended. From Figure 6.8c it can
be seen that again the high efficacy against DENv4 and the low force of infection
result in the lowest lifetime expected risk. Similarly the relatively low efficacy
and high force of infection for DENv1 result in the highest lifetime expected risk.
However, the difference between the four serotypes is much smaller than in CRS (a)
since the efficacy against any serotype can potentially decrease the risk due to
post-secondary infections being free of risk. If third and fourth infections are
asymptomatic the optimal vaccination ages for DENv3 and DENv4 are slightly
increased to 17 and 56 months respectively. For DENv1 and DENv2 vaccination is
no longer recommended at all.

From an endemic region with a single existing serotype it can therefore be
seen that the vaccine-induced risk has a large impact on the outcome of vaccin-
ation. The efficacy against a specific serotype is decisive in whether vaccination
is recommended if primary infections are risk-free. For a low efficacy against the
endemic serotype and high efficacies against non-endemic serotypes there is a
high risk of successfully vaccinating against serotypes that are not in circulation
without preventing an infection with the endemic serotype. If many seronegatives
are vaccinated this increases. If vaccination is delayed until less individuals are
seronegative even fewer infections with the endemic serotype can be prevented
and if primary infections are risky and third and fourth infections asymptomatic

vaccination is no longer recommended if DENv1 or DENv2 is endemic.

The results for an endemic region with two coexisting serotypes are presented
in Figure 6.9. As before the subfigures correspond to the four CRSs. A vaccine-

induced risk has an impact particularly if some of the infections are risk-free.
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In CRS (a) as shown in Figure 6.9a all infections are assumed risky. The
optimal vaccination ages vary between 11 and 102 months with the highest op-
timal vaccination age for DENv12. The efficacy is more effective against DENv3
and DENv4 than DENvl and DENv2. If vaccination takes place early in endemic
regions with DENv1 and DENv2 when more infections can be prevented it is pos-
sible that many seronegatives will be vaccinated against a non-endemic serotype.
Therefore they will experience a higher risk in a subsequent infection. It is better
to wait until the likelihood of vaccinating a seronegative is smaller even if that
means fewer infections can be prevented. The higher efficacy against at least
one of the other serotypes for all other combinations leads to lower optimal vac-
cination ages since more infections will be prevented. Similarly to the case of
no vaccine-induced risk there are two groups of combinations that can be distin-
guished in Figure 6.9a, i.e. those that do include DENv1 and those that do not.
Combinations including DENv1 result in a higher lifetime expected risk due to the
high force of infection of this serotype. Within the two groups those with a lower
combined efficacy lead to a higher lifetime expected risk at almost all vaccination
ages. However, at very high vaccination ages when the impact of vaccination will
be very low the combined force of infection is decisive.

CRS (b) is presented in Figure 6.9b where it can be seen that with two coex-
isting serotypes vaccination can reduce the lifetime expected risk even if primary
infections are risk-free. However, the vaccination ages are much higher than if
primary infections are risky. They vary between 242 and 667 months. The highest
optimal vaccination ages are obtained for serotype combinations including DENv2
and the lowest optimal vaccination age is that for DENv34 due to the very high
efficacy against both serotypes. Independently of the serotype combination vac-
cination should take place once most primary infections have occurred. On one
hand primary infections do not need to be targeted as they are risk-free and on
the other hand successfully vaccinating seronegatives without successfully vaccin-
ating against all endemic serotypes will increase the risk in infections that take
place after vaccination. The lower the efficacy for the endemic serotypes and the
higher the efficacy for the non-endemic ones the more likely it will be to vaccinate
against non-endemic serotypes only. This results in higher optimal vaccination
ages for combinations including DENv2 due to the vaccine being fairly ineffective
against this serotype.

The results for two heterologous infections conferring PCI are shown in Fig-
ure 6.9c. Again the optimal vaccination ages are significantly higher than in

CRS (a). For serotype combinations including DENv1 they vary little and lie
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between 445 and 453 months. If DENv1 is not endemic the optimal vaccination
age is much lower between 56 and 253 months. In this case the higher optimal
vaccination ages of 253 and 242 months are obtained when DENv2 is endemic. In
CRS (c) primary infections are symptomatic so that if sufficient infections can be
prevented vaccination should take place before many primary infections occur.
This is the case if DENv3 and DENv4 coexist due to the high efficacy for these
two serotypes. However, if too many seronegative individuals are successfully
vaccinated against only one serotype it is better to vaccinate later when fewer
seronegatives are targeted. With the high force of infection of DENv1 but rel-
atively low efficacy this is particularly pronounced if this serotype is endemic.
DENvI1 causes more infections than the remaining serotypes but only few of those
can be prevented. Vaccinating more seropositives has the advantage of reducing
the probability of vaccine-induced risk. In addition if seropositives who have had
one infection are targeted it is sufficient to successfully vaccinate against any
serotype the individual was not infected with to eliminate all further risk. This
also results in there being much less difference between the lifetime expected
risk caused by any serotype combination since successfully vaccinating against
non-endemic serotypes can also reduce the risk.

In the previous chapter CRS (c) and CRS (d) resulted in the same optimal
vaccination age in almost every case for several coexisting serotypes. This was
caused by the force of infection and thus infection probability tending to zero at
higher ages. With the force of infection that was derived from serological data
there is a residual probability of getting infected at older ages. Primary infections
are risk-free in CRS (d) so that these infections do not need to be targeted and
should not be targeted so as to prevent vaccine-induced risk. In fact the only
risky infection that needs to be targeted is the second one. If seronegatives
are vaccinated the risk in the subsequent infection can be even higher and if
vaccination takes place after the secondary infection it no longer has any effect.
The ideal time to vaccinate would therefore be between the primary and secondary
infection. However, not every individual will get infected at the same age and
some individuals may still be seronegative at high ages. Due to the residual force
of infection they are still at risk. It is therefore difficult to balance the increased
risk in seronegative recipients with the number of prevented risky infections in
seropositives. This can be seen from the fact that once mainly seropositives are
vaccinated, i.e. at high vaccination ages, the lifetime expected risk is very flat.
For DENv23 and DENv24 vaccination is in fact not recommended. The optimal

vaccination ages for the remaining serotype combinations are very high between
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618 and 696 months. The two groups including DENv1 and excluding DENv1 can
still be observed but there is again less difference as effective vaccination against
any two serotypes can reduce the number of risky infections.

For two coexisting serotypes the most decisive factor for the optimal vaccin-
ation age is therefore still the considered CRS. However, in each CRS the exact
combination of the serotypes is very relevant. For risky primary infections and
risk-free post-secondary infections the presence of DENv1 increases the optimal
vaccination age significantly. For risk-free primary infections there is also a wide
range in optimal vaccination ages and vaccination is not recommended at all for

DENv23 and DENv24 if two heterologous infections confer PCI.

The results for three and four coexisting serotypes are presented in Fig-
ures 6.10 and 6.11 respectively. For three coexisting serotypes the highest risk is
again caused by serotype combinations including DENv1 due to the high force of
infection for this serotype. This is the case independently of the considered CRS
even though for asymptomatic post-secondary infections the difference in lifetime
expected risk is smaller.

In Figures 6.10a and 6.11a all infections are risky. Again the optimal vac-
cination ages are low, between 11 and 48 months for any serotype combination
with three or four coexisting serotypes. In CRS (b) the optimal vaccination ages
are much higher between 212 and 296 months. This is again due to the fact
that primary infections do not have to be targeted since they are risk-free and
should not be targeted since successful vaccination of seronegative individuals
will increase their risk in subsequent infections. It is therefore essential to delay
vaccination until most individuals have had one infection. Note that the more
serotypes coexist the lower the optimal vaccination age in this case since a higher
number of serotypes corresponds to a lower average age of infection overall. A sim-
ilar observation can be made in CRS (d) where optimal vaccination ages for three
serotypes lie between 491 and 571 months, while for four serotypes the optimal
vaccination age is 411 months. In CRS (c) the situation is slightly more complic-
ated. In endemic regions with three serotypes vaccination is ideal at 384 months,
while for four serotypes it is ideal at 343 months. Compared to two endemic
serotypes whether the optimal vaccination age increases or decreases therefore
depends on which two serotypes exist in the two serotype case and which addi-
tional serotype is introduced. Compared to CRS (d) the optimal vaccination age
is lower since primary infections are risky and even if some individuals are still

seronegative it is better to vaccinate slightly earlier.
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Table 6.5: The optimal vaccination age A; in months which minimises the life-
time expected risk E of hospitalisation for all CRSs. The vaccine ef-
ficacy is assumed serotype-specific but age-independent as given in
Table 1.1. An age-independent vaccine-induced risk is considered as
given in Table 1.2. ‘" represents cases in which vaccination is not
recommended, i.e. when A; was found to be above a reasonable age

for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

A, Exi0-2 A, Exi02 A, Exi02 A, Ex10-2
DENv1 9 6.12 - 0.00 - 1237 — 0.00
DENv2 182 4.81 — 0.00 - 9.65 - 0.00
DENv3 12 1.73 - 0.00 17 8.75 — 0.00
DENv4 32 1.50 - 0.00 56 6.83 — 0.00
DENv12 102 9.85 589 5.09 453 1991 640 14.43
DENv13 11 7.47 445 4.77 445  19.57 618  14.32
DENv14 23 7.36 449 4.39 449  19.30 640 13.82
DENv23 11 6.37 667 3.68 253 18.25 —  12.86
DENv24 48 6.21 640 3.43 242 17.46 - 12.30
DENv34 17 3.23 242 2.66 56 14.41 696 12.05
DENv123 11 11.03 287 8.05 384  20.79 491  17.05
DENv124 48  10.80 296 7.65 384  20.72 499  16.79
DENv134 17 8.63 242 6.83 384  20.63 491 16.72
DENv234 17 7.61 287 5.72 384  20.12 571 16.24
DENv1234 28 11.94 212 10.05 343  21.27 411 18.47

A summary of all optimal vaccination ages and the minimal lifetime expected
risk is given in Table 6.5. Clearly the optimal vaccination ages vary significantly
with the considered CRS. They are lowest in CRS (a) and highest in CRS (d). For
three and four coexisting serotypes it increases as the number of risky infections
decreases, i.e. the optimal vaccination age obtained in CRS (c) is higher than that
obtained in CRS (b). Additionally the specific endemic serotypes are relevant.
The high force of infection for DENv1 leads to a higher minimal lifetime expected
risk independently of the CRS and the number of coexisting serotypes. The low
efficacy against DENv2 can also have a large impact. For DENv23 and DENv24 in
CRS (d) vaccination is not recommended since too few infections can be prevented
and the risk can be increased if seronegatives are successfully vaccinated against
only one of the endemic serotypes. Vaccination is also not recommended if only
DENv1 or DENv2 is endemic if CRS (c) is most realistic. This is again caused by the
vaccine being less effective against these serotypes compared to DENv3 and DENv4.
This demonstrates the importance of the vaccine efficacy but also of determining

which serotypes are present before a vaccination campaign is initiated.
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Age-Dependent Vaccine Efficacy and Vaccine-Induced Risk

During the vaccine trial the efficacy and the number of hospitalisations was
recorded for the two age-groups of participants below 9 years and 9 years and
older. The results considering these age-groups will therefore briefly be discussed
so as to highlight the effect the age-dependence of the efficacy and vaccine-induced
risk has on the optimal vaccination ages. The summary of the optimal vaccination
age and minimal lifetime expected risk for this case is presented in Table 6.6.

Assuming an age-dependent efficacy according to Table 1.1 results in a lower
efficacy for children under the age of 9 years compared to the pooled efficacy and
a higher one for older children. Similarly an age-dependent vaccine-induced risk
based on the recorded number of hospitalisations in the two age-groups as shown
in Table 1.2 results in a higher risk in younger and a lower risk in older children.
It is therefore not surprising that particularly if primary infections are risky the
lower vaccine-induced risk and higher probability of effectively vaccinating against
any serotype in older ages leads to a significant increase in optimal vaccination

age. In fact, in CRS (a) and CRS (c) vaccination is ideal at 9 years independently of

Table 6.6: The optimal vaccination age A; in months which minimises the lifetime
expected risk E of hospitalisation for all CRSs. The vaccine efficacy is
assumed serotype-specific and age-dependent as given in Table 1.1. An
age-dependent vaccine-induced risk is considered as given in Table 1.2.
‘7 represents cases in which vaccination is not recommended, i.e. when
A was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay Exi02 Ay Exi02 Ay Exi02 Ay Exi02
DENv1 108 3.80 - 0.00 109 9.13 — 0.00
DENv2 108 2.59 — 0.00 109 6.51 - 0.00
DENv3 108 1.51 — 0.00 109 4.66 - 0.00
DENv4 108 0.97 — 0.00 108 2.87 — 0.00
DENv12 108 5.93 253 3.57 109 11.31 384 8.72
DENv13 108 5.13 206 3.05 109  10.88 347 8.60
DENv14 108 4.69 212 2.63 109 1041 384 8.17
DENv23 108 3.93 253 2.38 109 9.06 407 7.77
DENv24 108 3.47 242 2.07 109 8.18 392 7.10
DENv34 108 2.46 165 1.33 108 6.88 242 6.35
DENv123 108 7.18 165 5.35 109  12.33 253  10.51
DENv124 108 6.78 165 4.90 109  12.10 253 10.24
DENv134 108 6.02 138 4.21 109  11.82 253 10.13
DENv234 108 4.81 165 3.33 109 10.34 253 9.16

DENv1234 108 8.03 119 6.50 109  12.94 212 11.85
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the number or combination of serotypes. In CRS (b) and CRS (d), when primary
infections are risk-free, the age-dependence has less impact. However, overall
the optimal vaccination age is decreased. This is due to more infections being
prevented if the efficacy is higher. Additionally the lower induced risk means that
even if more seronegatives are vaccinated in such a way that they will experience
a higher risk the aggregate risk is lower. Vaccination can then take place earlier

to prevent more infections even if fewer individuals are seropositive.

In the case of no vaccine-induced risk when the risk of hospitalisation is min-
imised it was already seen that the increase in efficacy leads to drops at the
vaccination ages of 96, 102 and 108 months. In Figure 6.12 this can also be ob-
served for an endemic area with a single serotype in circulation when the vaccine
induces a higher risk in some recipients. By comparing Figures 6.8 and 6.12 it
can be seen that apart from this most observations are very similar particularly
if not all infections are risky. In CRS (a) and CRS (c) the increase in efficacy and
the decrease in risk at 9 years significantly impacts the optimal vaccination age
and raises it or lowers it to 9 years. In CRS (b) and CRS (d) the drops can still be
observed but since the lifetime expected risk is zero without vaccination this has
no impact and vaccination is still not recommended. The corresponding optimal
vaccination age and minimal lifetime expected risk for any combination of several
coexisting serotypes is only given in Table 6.6 but not discussed in more detail

since the drops have similar effects.

Licence Restrictions

Only individuals aged 9 to 45 years can receive Dengvaxia in Brazil. A vaccine-
induced risk results in optimal vaccination ages that often adhere to the current
age restriction. In fact, if the vaccine-induced risk and vaccine efficacy are as-
sumed to be age-dependent the optimal vaccination ages are all within the permit-
ted age-range as long as vaccination is recommended. In this case the restriction
therefore has no negative effect whatsoever which is unsurprising considering that
the age-range was chosen based on the age-group dependent trial data.

If the age-groups from the Dengvaxia trial are disregarded there are a sig-
nificant number of scenarios that require vaccination below the age of 9 years,
particularly in CRS (a). On the other hand, in CRS (d) many optimal vaccination
ages are above the maximum age of 45 years. Restricting the vaccination ages in
such a way that all three doses are administered within the permitted age-range
leads to an increase in the lifetime expected risk that can be achieved compared

to the minimal one. In particular the percentage increase for each scenario that
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is ideally targeted outwith the age-range of 9 to 45 years and the corresponding
restricted optimal age are presented in Table 6.7. Clearly vaccination should take
place as close as possible to the ideal vaccination age, i.e. at 9 years if the op-
timal age is below 9 years and at 45 years if it is above the maximum age. The
percentage increase is fairly limited and no higher than 46%. If vaccination is
not recommended there is an exception to this rule. If only DENv2 is endemic
in CRS (c) the best time to vaccinate according to the current licence restriction
is at 242 months resulting in a percentage increase of 45%. Compared to no
vaccine-induced risk these increases are much lower. Since more optimal ages are
nearer to the permitted age-range the age-restriction has much less effect if the
vaccine induces a higher risk in some recipients than if naturally acquired and
vaccine-induced antibodies behave the same way. Nonetheless it might be better

to permit vaccination of seropositives at any age if the age-dependence of the

Table 6.7: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk £
of hospitalisation. The percentage increase from the optimal lifetime
expected risk 0% is given for any case in which the optimal vaccina-
tion age lies outwith the permitted age-range of Dengvaxia. For cases
in which vaccination is not recommended and the minimal lifetime ex-
pected risk is zero the percentage increase is given by co. The vaccine
efficacy is assumed serotype-specific but age-independent as given in
Table 1.1. An age-independent vaccine-induced risk is considered as
given in Table 1.2.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% A 0% Ay 0%
DENv1 109 7 538 00 538 36 538 00
DENv2 182 - 538 00 242 45 538 00
DENv3 108 46 538 o0 109 9 538 00
DENv4 108 25 538 00 109 5 538 00
DENv12 109 <1 538 <1 453 - 938 3
DENv13 108 11 445 - 445 - 538 2
DENv14 108 7 449 - 449 - 538 2
DENv23 109 7 538 2 253 — 538 13
DENv24 108 2 538 2 242 - 538 13
DENv34 108 30 242 - 109 2 538 5
DENv123 109 3 287 - 384 - 491 -
DENv124 109 2 296 — 384 - 499 -
DENv134 108 11 242 - 384 - 491 -
DENv234 108 7 287 - 384 - 538 <1
DENv1234 108 4 212 - 343 - 411 -
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efficacy and vaccine-induced risk are actually only due to the serostatus and not

due to the age per se.

6.4.3 Minimising the Risk of Lethality

Another indicator of the burden of dengue in Brazil is the number of deaths
it causes. Vaccination can be employed in such a way that the risk of lethality is
minimised. In fact the risk of lethality is very similar to that of hospitalisation
with the exception that the risk of lethality at old ages far over-shadows the
risk for children. For a force of infection with zero residual there was found to
be very little difference between the optimal vaccination strategies for the two
risk functions in the previous chapter. The question that will be answered in
this section is therefore whether the non-zero residual force of infection for older
individuals and the very high risk of lethality at these ages impact at which age

vaccination should be carried out.

Constant Vaccine Efficacy

The optimal vaccination ages to minimise the risk of lethality when the vaccine
efficacy is assumed constant are presented in Table 6.8. Clearly the optimal
vaccination ages in CRS (a) and CRS (c) i.e. when primary infections are risky, are
very low between 9 and 17 months with the sole exception of DENv4 in CRS (c)
when it is 23 months. For the risk of hospitalisation these ages are similarly low
as can be noted by comparing the results to those for the risk of hospitalisation as
summarised in Table 6.1. In CRS (b) and CRS (d) the optimal vaccination ages vary
much more and lie between 56 and 219 months. They are still very similar to those
obtained for the risk of hospitalisation. However, in CRS (b) a small decrease can
be observed while in CRS (d) in most cases the optimal vaccination age increases
compared to that obtained for the risk of hospitalisation. Other observations
such as the decreasing age with an increasing number of serotypes in CRS (b)
and CRS (d), or the increase in minimal lifetime expected risk as the number of
serotypes increases have the same reasons as for the risk of hospitalisation.

In summary there is therefore very little difference between the two risk func-
tions. Nonetheless we will briefly consider a region with a single endemic serotype
for the risk of lethality as shown in Figure 6.13. In comparison to Figure 6.3 it
becomes clear that not only are the optimal vaccination ages for both risk func-
tions similar, even the behaviour of the lifetime expected risk is little influenced

by the differences between the two risk functions. Again the serotype-specific
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Table 6.8: The optimal vaccination age A; in months which minimises the life-
time expected risk E of lethality for all CRSs. The vaccine efficacy is
assumed serotype-specific but age-independent as given in Table 1.1.
‘~” represents cases in which vaccination is not recommended, i.e. when
A was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay Exi0-5 Ay Exi0-5 Ay Exi0-5 Ay Exi0-5
DENv1 9 25.63 - 0.00 11 9.81 — 0.00
DENv2 9 2238 - 0.00 14 7.18 - 0.00
DENv3 12 8.28 — 0.00 12 3.92 - 0.00
DENv4 23 7.51 — 0.00 17 3.60 — 0.00
DENv12 9 48.01 219  37.32 11 13.52 119 7.61
DENv13 11 33.96 182 27.35 11 12.15 102 7.24
DENv14 14 33.69 182 24.84 12 12.00 102 6.89
DENv23 10 30.79 165 26.55 14 9.87 119 6.06
DENv24 14 30.58 165 24.24 14 9.64 119 5.68
DENv34 17 16.12 63 13.49 14 7.16 70 4.67
DENv123 10  56.43 144 48.38 11 14.93 63 9.08
DENv124 11 56.33 146 45.76 11 14.82 70 8.87
DENv134 14 42.00 109  34.94 11 13.84 63 8.57
DENv234 14 38.90 119  33.51 14 11.92 76 7.51
DENv1234 11  64.61 102 56.08 11 15.90 56 9.85

force of infection and the vaccine efficacy determine how high the burden caused
by any serotype is in comparison to the remaining serotypes. The force of in-
fection for DENv1 is highest with a low efficacy so that this serotype results in
the highest lifetime expected risk independently of vaccination age if primary in-
fections are risky. The remaining serotypes have a similar force of infection but
Dengvaxia is much more effective against DENv4 than DENv2 so that the lowest
risk is due to DENv4 for almost all vaccination ages independently of CRS. All
other observations for a single endemic serotype are also entirely transferable to
the risk of lethality. This is also the case for several coexisting serotypes so that
the remaining results for lethality will be omitted. Note, however, that compared

to the risk of hospitalisation the lifetime expected risk is much lower.
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Age-Dependent Vaccine Efficacy

The assumption of an age-dependent efficacy when the risk of lethality is min-
imised and when the risk of hospitalisation is minimised has very similar effects.
This effect was discussed for hospitalisation based on an endemic area with a
single serotype. The main difference to the constant efficacy case was the drops
in lifetime expected risk once one of the three doses is given to individuals aged
9 years or above, i.e. when the first dose is given at 96, 102 or 108 months. These
drops have in fact only a small impact on the optimal vaccination age for many
considered scenarios when hospitalisation is considered. From Table 6.9 it can be
seen that more serotype combinations are affected for the risk of lethality. The
optimal vaccination ages that are impacted by the efficacy assumption increase
to 9 years if they are far below 9 years in most cases in CRS (a) and CRS (c). In
CRS (d) vaccination ages that are slightly above 9 years in the constant efficacy
case decrease to 9 years while the remaining ages increase. In CRS (b) the optimal
vaccination ages are fairly similar for both efficacy assumptions. In CRS (d) the
only infection that needs to be targeted is the secondary infection. Considering

that the efficacy significantly increases at 9 years and that most secondary in-

Table 6.9: The optimal vaccination age A; in months which minimises the life-
time expected risk E of lethality for all CRSs. The vaccine efficacy is
assumed serotype-specific and age-dependent as given in Table 1.1.
represents cases in which vaccination is not recommended, i.e. when
A; was found to be above a reasonable age for humans.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay FExio-s Ay Exi0-3 Ay Exi0-5 Ay FExio-s
DENv1 10 31.29 - 0.00 108  18.06 - 0.00
DENv2 108  24.09 - 0.00 108  10.10 - 0.00
DENv3 12 12,74 - 0.00 108 8.19 - 0.00
DENv4 108 8.28 - 0.00 108 5.77 - 0.00
DENv12 108  55.69 212 34.50 108  25.71 109 5.88
DENv13 11 44.07 165  25.39 14 24.32 109 5.99
DENv14 108  39.89 168  21.63 108  23.01 109 5.18
DENv23 108  37.34 159  24.52 108  17.12 109 4.59
DENv24 108  32.37 159  20.99 108  15.24 109 4.10
DENv34 108  21.54 109 11.32 108  13.66 109 3.44
DENv123 108  68.95 135 44.55 14 29.65 109 7.47
DENv124 108  63.98 139  40.67 14 30.10 109 7.13
DENv134 108  53.15 109  30.78 14 28.95 109 6.90
DENv234 108  45.63 109  29.40 108  21.97 109 5.76
DENv1234 108 77.23 109  50.04 14 31.93 108 8.71
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fection will occur later it is therefore reasonable to administer the vaccine once
the efficacy is higher and capable of preventing more infections even if a few sec-
ondary infections have already occurred. In CRS (a) all infections are risky but
the age-dependent efficacy is much lower than the pooled one so that with the
lower efficacy fewer infections can be prevented and it is often better to delay

vaccination until the vaccine becomes more effective in the recipients.

Licence Restrictions

Many optimal vaccination ages are outwith the age-range of 9 to 45 years
when the risk of lethality is being targeted by vaccination especially if the vaccine
efficacy is age-independent. Considering that Dengvaxia cannot be administered
to children below the age of 9 years it is necessary to restrict the vaccination age

based on the licensed age-range. Tables 6.10 and 6.11 present the ages at which

Table 6.10: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk £
of lethality. The percentage increase from the optimal lifetime expec-
ted risk 0% is given for any case in which the optimal vaccination
age lies outwith the permitted age-range of Dengvaxia. For cases in
which vaccination is not recommended the minimal lifetime expec-
ted risk is zero, so that the percentage increase is given by co. The
vaccine efficacy is assumed serotype-specific but age-independent as
given in Table 1.1.

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% Ay 0% Ay 0%
DENv1 108 32 538 00 108 104 538 00
DENv2 108 17 538 00 108 63 538 00
DENv3 108 71 123 00 108 133 165 00
DENv4 108 42 109 00 108 101 119 0
DENv12 108 25 219 - 108 110 119 -
DENv13 108 41 182 - 108 124 109 <1
DENv14 108 32 182 - 108 116 109 <1
DENv23 108 31 165 - 108 96 119 —
DENv24 108 20 165 - 108 85 119 -
DENv34 108 54 109 1 108 122 109 2
DENv123 108 31 144 - 108 132 109 4
DENv124 108 25 146 — 108 126 109 3
DENv134 108 39 109 - 108 134 109 4
DENv234 108 31 119 - 108 109 109 2
DENv1234 108 31 109 <1 108 147 108 10
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vaccination should take place according to this constraint for a constant and
an age-dependent efficacy respectively. Additionally the increase of the lifetime
expected risk from the minimum that is caused by this constraint is given. Clearly
the overall conclusion remains that vaccination should take place as close to the
ideal age as possible. For all vaccination ages below 9 years this means the
vaccine should be administered once individuals turn 9 years old. Again almost
all optimal vaccination ages for CRS (b) lie within the permitted age-range both
for a constant and an age-dependent efficacy. For an age-dependent efficacy this is
also true in the other scenarios. The percentage increase whenever the vaccination
age is outwith the permitted age-range is much lower in the case of lethality than
in that of hospitalisation. For a constant vaccine efficacy the increase is between
17% and 147% in CRS (a) and CRS (c¢) and between less than 1% and 10% in
CRS (b) and CRS (d). For an age-dependent efficacy the lifetime expected risk

under the current restriction increases by no more than 12%.

Table 6.11: The vaccination age A; in months which lies within the permitted
age-range for the vaccine and minimises the lifetime expected risk F
of lethality. The percentage increase from the optimal lifetime expec-
ted risk 0% is given for any case in which the optimal vaccination
age lies outwith the permitted age-range of Dengvaxia. For cases in
which vaccination is not recommended the minimal lifetime expected
risk is zero, so that the percentage increase is given by oco. The vac-
cine efficacy is assumed serotype-specific and age-dependent as given

in Table 1.1

CRS (a) CRS (b) CRS (c) CRS (d)

Ay 0% Ay 0% Ay 0% Ay 0%
DENv1 108 1 538 %) 108 — 538 00
DENv2 108 — 538 %) 108 — 538 00
DENv3 108 4 119 00 108 — 165 00
DENv4 108 — 109 00 108 — 109 00
DENv12 108 — 212 - 108 — 109 -
DENv13 108 2 165 — 108 1 109 —
DENv14 108 — 168 — 108 — 109 —
DENv23 108 — 159 — 108 — 109 —
DENv24 108 — 159 — 108 — 109 —
DENv34 108 — 109 — 108 — 109 —
DENv123 108 — 135 — 108 7 109 —
DENv124 108 — 139 — 108 <1 109 —
DENv134 108 — 109 — 108 1 109 —
DENv234 108 — 109 — 108 — 109 —
DENv1234 108 — 109 — 108 12 108 —
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Restricting the vaccination age to be above 9 years still has a negative effect
in the case of lethality. The effect again highly depends on the CRS and is also
very different for the specific serotype combinations. It may therefore indeed be
best to revise this minimal age especially if it is solely based on the fact that the
efficacy is higher in individuals aged 9 years and above since this may be due to

the serostatus of the recipient rather than the age per se.

6.4.4 Summary for Endemic Regions with Four Serotypes

In most endemic regions of Brazil all four dengue serotypes coexist. This can
therefore be considered the most likely scenario so that a summary of the results
for such an endemic area will be given in the form of forest plots. The results
for a constant vaccine efficacy and, where applicable, vaccine-induced risk are
presented in Figure 6.14, while those for the age-dependent case are shown in
Figure 6.15.

In both figures the optimal vaccination ages for all four CRSs are presented for
each of the three considered risk functions. In addition to the optimal vaccination
age an age-interval in which near-optimal vaccination is possible is marked as
well. Note that near-optimal vaccination is defined in terms of an increase of
no more than 5% from the minimal lifetime expected risk. These intervals can
be understood as the uncertainty in the optimal vaccination age. Dengvaxia is
only licensed for the use in individuals above the age of 9 years in Brazil. A line
marking the minimal age according to this restriction is therefore included in the
forest plots.

Begin by considering the age-independent case which is shown in Figure 6.14.
Here it is clearly visible that the differences between the risk of hospitalisation and
that of lethality are fairly limited. Considering the cut-off due to the step-death
function this is to be expected. For both risk functions the optimal vaccination
ages are very low with the exception of CRS (b) in which case the optimal vaccin-
ation age is close to or just above the minimal age for Dengvaxia. Interestingly
this is also the CRS with the largest interval in which near-optimal vaccination is
possible. CRS (a) and CRS (c), where primary infections are assumed risky, seem
to have the least uncertainty, i.e. the smallest ranges in which near-optimal vac-
cination is possible. For a vaccine-induced risk this is not the case. The largest
uncertainty in this scenario is obtained for CRS (c). The scenarios CRS (c) and
CRS (d) which consider PCI, have the largest age-ranges for near optimal vaccin-
ation for this risk function. And the assumption of risky primary infections can

have the opposite effect on the certainty than for the other two risk functions.
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Figure 6.14: Forest plot for each scenario considering four coexisting serotypes

with a constant vaccine efficacy. The squares mark the optimal
vaccination age, while the horizontal lines indicate the interval in
which the lifetime expected risk exceeds the minimum by no more
than 5%. These intervals give an indication of the uncertainty in
the optimal vaccination age. The vertical dotted line corresponds to
the minimum age Ar = 9 years for vaccination according to current
license restrictions.
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Figure 6.15: Forest plot for each scenario considering four coexisting serotypes
with an age-dependent vaccine efficacy. The squares mark the op-
timal vaccination age, while the horizontal lines indicate the interval
in which the lifetime expected risk exceeds the minimum by no more
than 5%. For CRS (a) when the risk of hospitalisation is considered,
two separate intervals in which the lifetime expected risk is at most
1.05 times as high as the minimum exist as shown by the discon-
tinuous horizontal line. These intervals give an indication in the
uncertainty of the optimal vaccination age. The vertical dotted line
corresponds to the minimum age Ar = 9 years for vaccination ac-
cording to current license restrictions.’

In CRS (a) for the risk of hospitalisation the lifetime expected risk is close to its minimum
in two distinct age intervals. It is first near optimal at around 12 months and increases again
to above 1.05 times the optimum for some time. As soon as the vaccine has a higher efficacy at
108 months it reaches the minimal lifetime expected risk and then stays close to this risk for a
short time. The abrupt increase in efficacy at 108 months is also responsible for the one sided
interval around the optimal vaccination age in many of the other cases.
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Considering that the vaccine-induced risk is likely due to ADE this should be
expected. The large uncertainty for this risk function may be due to the fact
that in the case of a vaccine-induced risk it is crucial to strike a balance between
vaccinating too early and too late. On the one hand, when vaccinating too early
many recipients will be seronegative and thus exposed to an increased risk later
on. On the other hand, when vaccinating too late many infections will already
have occurred and the vaccine will no longer have a significant effect (negative or
positive).

From Figure 6.15 the large effect of the assumption of an age-dependent vac-
cine efficacy and age-dependent vaccine-induced risk can be seen. Firstly the op-
timal vaccination ages are now almost all above the minimal age for Dengvaxia.
Secondly the uncertainty in optimal vaccination age is significantly reduced in
almost all cases. This is due to the much lower efficacy in individuals under the
age of 9 years, i.e. it is certainly better to wait a few months to vaccinate if the
vaccine will then be much more effective. Again there is little difference between
the risks of hospitalisation and lethality and indeed in general the observations
regarding the uncertainty in optimal vaccination age for non vaccine-induced risk
are similar. However, it is important to consider CRS (c) where the optimal vac-
cination age is still very low. Indeed this was already the scenario with the lowest
optimal vaccination age in the constant vaccine efficacy case. In this case primary
infections should be prevented by vaccination while post-secondary infections do
not contribute to the risk. It is therefore best to vaccinate early even if the
vaccine efficacy is somewhat lower. For a vaccine-induced risk the observations
relating to the optimal vaccination age and decrease in uncertainty are similar
to the other two risk functions. That is, due to the much higher efficacy and
lower vaccine-induced risk, the age ranges in which near-optimal vaccination is
possible in CRS (a), CRS (b) and CRS (c¢) are more restricted. In CRS (d) this is
not the case since vaccination should ideally take place significantly after the age
for which the vaccine efficacy increases and the risk decreases. It is therefore not
particularly affected by this assumption. Note that in comparison to the previous
chapter the assumption of an age-dependent vaccine-efficacy and vaccine-induced
risk does, however, have a much larger effect overall. However, especially in light
of the vaccine-induced risk function it needs to be noted that the high uncertainty
makes it necessary to perform more analysis before a vaccination campaign can

be based on the presented results.
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6.5 Conclusions

In this chapter a single-serotype model as given and analysed in Chapter 3
was used to describe the transmission dynamics of dengue. The death rate in the
human population was modelled by a step-death function which is a more realistic
description of the dynamics in Brazil than a constant death rate. Serological
data from the pre-vaccine era in Brazil was used to determine the overall force of
infection at the pre-vaccine steady-state. Considering that the age-dependence
of the force of infection is solely caused by the age-dependence of the rate at
which mosquitoes bite humans the biting rate was then obtained from the relation
Mo(a) = &rq(a). The use of serological data as opposed to biting rate data resulted
in a residual force of infection and thus a residual biting rate at higher ages. This
has a large impact since it implies that infections can occur at any age even if
children are most likely to be affected. Serological data therefore leads to a more
realistic description of the transmission dynamics than the use of biting rate data
since case report data shows that infections do indeed occur at any age [29].

Note that no serotype-specific serological profiles were available so that the
overall serological profile was used together with the serotype-specific reported
number of cases to estimate the steady-state force of infection before the introduc-
tion of a vaccine for each of the four serotypes. From these forces of infection the
serotype-specific steady-state force of infection for a given vaccination strategy
could be determined. Having obtained the force of infection for a specific vac-
cination strategy the lifetime expected risk of hospitalisation or lethality and
thus the optimal vaccination age that minimises the corresponding risk could be
computed.

As in the previous chapter the lifetime expected risk was used to incorporate
cross-reactions between the different serotypes. These are not taken account of
in the model since only a single-serotype is considered but are very important
when determining the optimal vaccination age. In particular ADE and PCI after
two heterologous infections are theories that are being discussed but not yet
fully understood. ADE implies that primary infections are less risky or even
completely risk-free. Infections become risky only once heterologous antibodies
bind onto the infecting virus cells and facilitate the entrance into the viruses’
target cells [73, 87]. Very few third and fourth infections are recorded so that
it is assumed that two heterologous infections confer PCI [53, 54, 115] and post-
secondary infections are therefore understood to be free of risk. The four CRSs
that were studied are therefore based on risky or risk-free primary infections and

symptomatic or asymptomatic tertiary and quaternary infections.
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Another observation that still requires more research is the possibility that the
vaccine induces a higher risk in some recipients. Initially the Dengvaxia trial res-
ults indicated that vaccination was beneficial for all trial participants. However,
an increased risk particularly in young seronegative recipients was observed in
the third year after the initial dose of the vaccine was administered [66]. The the-
ory is that vaccine-induced antibodies can cause a higher virulence in subsequent
infections effectively causing vaccine-induced ADE [3]. Based on the higher recor-
ded proportion of hospitalisations in seronegative vaccine recipients compared to
seronegative individuals who did not receive the vaccine the vaccine-induced risk
of hospitalisation was incorporated and its effect on the optimal vaccination age
analysed.

The Dengvaxia trials also indicated that both the efficacy of the vaccine and
the risk it potentially induces are age-dependent. The efficacy was found to be
higher in children above the age of 9 years while the increased risk in seronegatives
was lower in this age group [32, 66, 132, 133]. However, it is being argued that age
is merely a surrogate for serostatus with the vaccine performing better in older
children simply because they are more likely to be seropositive [4]. More than
that the trial analysis based on the age-groups of individuals below 9 years and 9
years or above is being challenged [38]. The lifetime expected risk was therefore
initially computed for the risk of hospitalisation and the risk of lethality with
a constant efficacy but the effect of the age-dependence was discussed and the
results presented in both cases. Similarly for the risk of hospitalisation with a
vaccine-induced risk the age-groups were initially disregarded both for the efficacy
and the increased risk in seronegatives but then taken into account to determine

the impact on the optimal vaccination age.

The age-related risk of hospitalisation and lethality displays very similar be-
haviour for young children and young to middle-aged individuals. For children
a high risk both of hospitalisation and lethality has been recorded, while young
adults and middle-aged individuals have a much lower risk. At older ages both
the risk of hospitalisation and lethality increase. However, the risk of lethality
at ages above 70 years is far higher than the risk of lethality for children. This
is not the case if hospitalisation is considered. In the previous chapter there was
no residual force of infection and therefore little chance of an infection at these
high ages. With the residual term infections may still occur even at very high
ages. However, the step-death function leads to a cut-off at the age of 73.8 years
so that the very high risk later on will not be relevant or overestimated as it was

with a constant death rate. Interestingly despite the residual force of infection
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the difference between the optimal vaccination ages that are obtained for the two
risk functions, assuming that antibodies from the vaccine have the same effect
as those from natural infection, in the different CRSs are fairly small. In CRS (a)
and CRS (d) the optimal vaccination ages are very low independently of the risk
function. They are between 9 and 20 months for the risk of hospitalisation and
between 9 and 23 months for the risk of lethality. The largest difference can
be observed in CRS (b) where optimal vaccination ages are higher for the risk of
hospitalisation by up to 116 months. In CRS (d) the vaccination ages are more
similar but both increases and decreases are observed when lethality is considered
instead of hospitalisation. Aside from these differences the trends that were ob-
served for both risk functions are identical so that only the case of hospitalisation
will be discussed in detail.

The most relevant factor in determining the optimal vaccination age was again
the CRS as could be seen from Table 6.1. If primary infections are risky, i.e. in
CRS (a) or CRS (c), the optimal vaccination ages are very low: between 9 and 20
months. However, in CRS (b) and CRS (d) where they are free of risk, the op-
timal vaccination ages are higher and vary much more. Clearly in both these
scenarios vaccination is not recommended if there is only a single serotype since
without vaccination the lifetime expected risk is zero. Due to primary infections
not causing any risk it is not necessary to vaccinate early so that the optimal
vaccination ages are much higher. In CRS (b) the optimal vaccination ages for
several coexisting serotypes are between 124 and 335 months where the optimal
vaccination age tends to decrease as the number of serotypes increases. In CRS (d)
a similar observation regarding the number of serotypes can be made. The op-
timal vaccination ages are between 48 and 123 months in this case. The decrease
in optimal vaccination age for a higher number of endemic serotypes is intuitive
since the average age of infection decreases. If for example specifically a sec-
ondary infection should be targeted as in CRS (d) the age at which it occurs is
lower so that vaccination needs to take place earlier. In the case of risky primary
infections this cannot be observed since the vaccination ages are already very low
to prevent primary infections and vaccinating any earlier will not be effective due
to the persistence of maternal antibodies in infants. The fact that vaccination
ages are lower in CRS (d) than in CRS (b) is due to PCI. Considering that third
and fourth infections are risk-free if there is PCI vaccination will not be beneficial
if it can only prevent these types of infection. It therefore needs to take place
ideally between the primary and secondary infection in CRS (d). In CRS (b) any

prevented post-primary infections will reduce the risk so that if many third and
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fourth infections can be prevented a higher vaccination age will still reduce the
lifetime expected risk.

Apart from the CRS the efficacy and force of infection influences the lifetime
expected risk of hospitalisation. This became clear by considering a single en-
demic serotype as was shown in Figure 6.3. The high force of infection and low
efficacy for DENv1 means that this serotype causes the highest risk independently
of vaccination age. The high efficacy for DENv3 and DENv4 on the other hand
means that if vaccination takes place at an age at which many infections have
yet to take place the risk can be significantly reduced. For DENv2 the low ef-
ficacy on the other hand indicates the benefit of vaccinating is limited. These
observations are similar when the vaccine efficacy is taken to be age-dependent.
However, the assumption of an age-dependent efficacy has a large impact on the
optimal vaccination age. In CRS (d) for several coexisting serotypes vaccination
should take place at 108 or 109 months. Due to the higher efficacy in individuals
over the age of 9 years compared to the pooled efficacy some optimal vaccination
ages in CRS (b) slightly decrease as more infections can be prevented. In CRS (a)
and CRS (c) the optimal vaccination ages are mainly influenced if DENv4 is en-
demic since the difference in efficacy between the two age-groups is largest for
this serotype.

In CRS (b) and CRS (d) many of the optimal vaccination ages are within the
permitted age-range of 9 to 45 years or very close to 9 years. However, in CRS (a)
and CRS (c) the optimal vaccination ages are much too low for the current licence.
Restricting the vaccination ages leads to a significantly worse outcome in these
CRSs. Vaccination should take place as close to the ideal age as possible, i.e. at 9
years. The increase from the minimal lifetime expected risk that can be achieved
through vaccination is up to 223%. In general the increase is higher in CRS (c)
than in CRS (a). If primary infections are indeed risky it might be particularly
necessary to reconsider the licence restriction. For risk-free primary infection
only very few optimal vaccination ages are below the minimal vaccination age
and those are often very close to 9 years so that the percentage increase is very
small. With an age-dependent efficacy the licence restriction has less effect since
more ages are at or above the minimum age of 9 years. In fact, independently of

the considered CRS, the lifetime expected risk increases by no more than 39%.

A higher proportion of hospitalisations in seronegative vaccine recipients com-
pared to seronegative trial participants that were in the control group indicates
that Dengvaxia increases the risk in subsequent infections for these recipients.

This higher relative risk eventually led to a revision of the WHO guidelines re-
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garding to use of Dengvaxia [132, 133]. Based on this increased relative risk the
lifetime expected risk of hospitalisation with a vaccine-induced risk was considered
in order to determine whether vaccination should still be carried out if it can be
harmful to some individuals and if so at which age it should be administered.

From Tables 6.5 and 6.6 for a constant and an age-dependent efficacy and
vaccine-induced risk respectively it became clear that in most cases vaccination
is indeed still recommended. Clearly if there is only a single serotype in existence
and primary infections are risk-free vaccination should not be carried out inde-
pendently of whether the vaccine induces a risk or not. When the age-groups of
the vaccine trials are disregarded vaccination is, however, no longer recommended
if only DENv1 or DENv2 is endemic in CRS (c) as well as if DENv2 coexists with
either DENv3 or DENv4 in CRS (d). Additionally many optimal vaccination ages in
CRS (b), CRS (c¢) and CRS (d) are much higher than without the vaccine-induced
risk. This is due to the fact that even if primary infections are risky they should
not be targeted since successfully vaccinating seronegatives against non-endemic
serotypes or only some endemic serotypes will increase the risk the individual
experiences in a breakthrough infection. It is therefore better to vaccinate only
once the majority of individuals have had at least one infection and are thus sero-
positive. The optimal vaccination ages in general still decrease with an increasing
number of serotypes as was observed without the vaccine-induced risk since again
the average age of infection decreases. For risk-free primary infections the optimal
vaccination ages are particularly high. The risk increases when seronegatives are
vaccinated and the shape of the risk function is a very flat function of the vac-
cination age so that even the optimal vaccination age does not reduce the risk
significantly. For risky primary infections a balance between increasing the risk in
some recipients but preventing as many infections as possible is reached at earlier
vaccination ages. In fact, if all infections are risky as is the case in CRS (a) the
optimal vaccination ages are often still very low. In this case vaccinating early
can clearly still reduce the risk. However, from Figures 6.8 to 6.11 it can be seen
that in general for CRS (a) the lifetime expected risk increases more rapidly as a
function of vaccination age compared to the other CRSs.

If the age-groups of the trials are taken account of with respect to the vaccine
efficacy and the increased risk in seronegatives the results are slightly different.
Only very low vaccination ages in CRS (a) and CRS (c) are vastly higher than
without the vaccine-induced risk. Due to the decrease in risk at 9 years and the
increase in efficacy this is to be expected especially since primary infections should

no longer be targeted. In CRS (d) some vaccination ages are also much higher

235



with a vaccine-induced risk since vaccinating seronegatives will be harmful. It is
better to only vaccinate very late to prevent vaccination of seropositives even if
that means that vaccination will not have a large impact overall.

Restricting the vaccination ages in such a way that all three doses are ad-
ministered to individuals aged 9 to 45 years has much less impact if the vaccine
induces a risk. If the age-groups are disregarded the increase from the minimal
lifetime expected risk is very small, i.e. and no higher than 46% for any CRS. If
the age-groups of the vaccine trial are considered for the efficacy and vaccine-
induced risk all optimal vaccination ages are within the permitted age-range. If
Dengvaxia indeed performs differently depending on the age of the recipient and
induces a higher risk in seronegative recipients the licence restriction can remain
in place. However, in this case the newer recommendation of only vaccinating
seropositives should be considered to reduce the risk of causing some individuals
harm.

The vaccine-induced risk was again only considered for the risk of hospitalisa-
tion since so far there is no available data showing an increased risk in lethality.
However, the trial cohort was small and the time-scale short so that it can be
assumed that the risk of lethality in seronegatives will be influenced in a similar
way. While the optimal vaccination ages for the risk of hospitalisation and lethal-
ity are similar without a vaccine-induced risk this is not necessarily the case if the
vaccine-induces a higher risk in seronegatives. Based on the higher proportion
of hospitalisations in some vaccine recipients vaccination campaigns should be

carefully considered independently of the aim of vaccination.

In the previous two chapters the limitations due some of the key modelling
assumptions were discussed. It was seen that both while the assumption of a con-
stant biting rate was unrealistic, assuming an age-dependent biting rate which
was derived from biting rate data was also problematic. In this chapter it was
therefore assumed that the biting rate was age-dependent. However, instead of
deriving it from biting rate data it was indirectly derived from the proportion
of seropositives in Brazil. Compared to the biting rate data the serostatus data
certainly leads to a much better representation of the biting behaviour in Brazil.
However, what it does represent is an average over Brazil. Considering that Brazil
is a large country spanning different climate zones and with a large divergence
in population density both of humans and mosquitoes such an average cannot be
used to determine the optimal vaccination age across Brazil. Indeed the analysis
presented in this thesis should be carried out at a much smaller scale with para-

meters that closely represent the local or at least regional conditions of dengue
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transmission. It is for example likely that the optimal vaccination age in regions
with a much lower force of infection (and therefore level of seropositivity in the
population) would require vaccination at later ages in all considered scenarios.
In contrast some densely populated areas such as slums in the mega-cities of the
country may have a much higher level of seropositivity especially if the condi-
tions for a large mosquito population are given. In such areas vaccination should
potentially target even younger age groups than the results in this chapter would
suggest. However, the results can be seen as a guidance and the modelling frame-
work can be used to carry out the analysis with more adequate parameters for a
target region.

Another key assumption in this chapter was the vaccine-induced risk. The lim-
itations of this assumptions have already been discussed in the previous chapter.
To summarise the risk is based on only a small trial cohort and it remains unclear
whether the risk is a long-term or short-term effect. Consequently the results may
be misleading and the model should be re-analysed once more and more accurate

data becomes available.

Similarly to the previous chapter the results demonstrate that effect of a
vaccine-induced risk is significant. Particularly if the vaccine efficacy is actually
age-independent it is very important to determine whether the vaccine does or
does not induce a risk in seronegatives. Additionally more research needs to be
carried out to determine which CRS is most realistic since the optimal vaccin-
ation ages highly depend on the corresponding assumptions. This is the case
independently of whether the vaccine induces a risk or not.

The model that was used in this chapter was very similar to that in the
previous chapter. In both cases the human population was modelled with a
step-death function to increase the accuracy of the predicted optimal vaccination
ages. A step-death function is more realistic for Brazil than the commonly used
simplification of a constant death rate. The main difference to the model in the
previous chapter was that the biting rate and thus the force of infection had a
residual term and did not tend to zero at older ages. This residual term was
obtained by considering the serological profile of Brazil before the introduction of
a vaccine to determine the steady-state force of infection and the biting rate. The
benefit of the serological profile compared to the biting rate data that was used
in the previous chapter is that serological data is much more reliable. Mosquito
populations are not only seasonal but also very different across different areas and
the counting of bites is difficult. The serological profile can be obtained through

more reliable blood tests. However, the serological profile that was available for
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Brazil is not serotype-specific. This is a shortfall in the data that was used. It
would improve the accuracy of the results drastically if serotype-specific forces of
infection could be derived from such data as opposed to estimated through the
use of case report data. Now that Dengvaxia has been introduced in Brazil the
collection of such profiles is no longer possible and only the post-vaccine profile
could be obtained. This serological profile would be impacted by vaccination so
that the mosquito biting rate could not be obtained easily from such data. With
the available serological data the estimates that were presented in this chapter
can therefore not be improved without adapting the model itself. However, even
though the obtained optimal vaccination ages are not precise they can certainly be
used as a guideline. Before a vaccination campaign can be started it is therefore
most crucial to identify the most realistic CRS and the endemic serotypes in
the targeted region. Additionally the Dengvaxia trial data needs to be carefully
evaluated to determine whether the vaccine performance is impacted by the age

of the recipient.

238



Chapter

Conclusions and Future Work

7.1 Introduction

Dengue is endemic in over 120 countries in which an estimated 390 million
dengue infections occur every year [22, 23]. Roughly 25% of these infections
are symptomatic with some infections having a severe or even fatal outcome
[22]. Brazil is one of the most affected countries with approximately five million
apparent infections annually [22] and in the future it can be expected that even
more infections will be recorded since the incidence of dengue has been on the
rise globally and in Brazil for decades [15, 166]. There is also some risk in non-
endemic countries as it is not uncommon for travellers to return from endemic
regions infected with the virus [162, 165]. In recent years some of these imported
cases led to autochthonous dengue infections in countries like France and Croatia
[125, 141, 149] highlighting the risk of the virus spreading further and affecting
an ever larger proportion of the world’s population.

Considering the spread and incidence of dengue it is not surprising that the
virus poses a significant burden on the health care systems of many tropical and
sub-tropical countries. However, there is a high uncertainty of the real burden in
some regions, particularly the burden on the Brazilian health care system is un-
clear [22]. There are several reasons for this uncertainty. One of the main reasons
is that symptoms, particularly at the beginning of an infection, are extremely
similar to those of other febrile illnesses so that misdiagnosis is very common.
Additionally infections are significantly under-reported since many individuals
undergo asymptomatic infections and even those that do experience symptoms
such as a high fever, pain and rashes do not always seek medical attention. In
light of the recent introduction of the first vaccine against dengue it is, however,

very important to assess possible large scale vaccination campaigns with respect
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to how effectively they are able to ease the burden on affected health care sys-
tems. The aim of this thesis was to determine the vaccination age which most
significantly reduces the risk of severe dengue infections with the recently licensed
dengue vaccine Dengvaxia in Brazil. However, a number of different model as-
sumptions and assumptions relating to the vaccine itself led to a multitude of
optimal vaccination ages which will be discussed in this chapter. Subsequently
it will also be highlighted which questions remained unanswered and in which
direction the work can be continued to assist health care authorities in making

the best decisions for large scale vaccination campaigns.

7.2 Conclusions

In this thesis mathematical modelling techniques were used to determine the
optimal vaccination age for dengue in Brazil with the recently licensed vaccine
Dengvaxia. The optimal vaccination age was defined in such a way that the
burden on the population as a whole was minimised by a three-dose vaccination
schedule according to a routine vaccination calendar. Catch-up campaigns were
not considered since booster doses are not currently recommended.

It could be seen that many different factors influence the optimal vaccination
age. Amongst them are the chosen risk function, the model assumptions, the
conditions in the endemic regions, i.e. how many and which serotypes coexist,
and the possible CRSs. Additionally some factors relating to the vaccine itself are
decisive. The vaccine effectiveness and the potentially increased risk vaccination
may cause in seronegative recipients have a significant impact on the optimal vac-
cination age. Restricting the vaccination age to between 9 and 45 years according
to the current licence also influences the outcome of the vaccination campaign.
All of these factors will be discussed in this section. However, in general the com-
bination of all factors is relevant so that only the overall trend for any specific
assumption can be pointed out. The limitations of the presented results are also
be discussed with a particular focus on the data that was used to determine the

optimal age to vaccinate against dengue in Brazil.

7.2.1 Chosen Risk Function

The burden on the health care system will most effectively be reduced by
minimising the risk of severe dengue rather than that of any disease severity.
This is due to many infections being asymptomatic or very mild so that the health

care system is mostly affected by individuals experiencing DHF and DSS, i.e. severe
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dengue infections. In Section 3.3 the burden on the society was defined based on
the lifetime expected risk where the risk of requiring hospital treatment or dying
due to an infection was considered. Both risk functions were determined from
age-dependent pre-vaccine data collected through SINAN and can be understood
as surrogate risk functions for the risk of severe dengue.

There are many similarities between these two risk functions such as a peak
in risk at fairly young ages, i.e. at 5.5 years for the risk of hospitalisation and
at 4 years for the risk of lethality, and an increase in risk in older individuals.
However, for lethality the risk at older ages far outweighs the risk in children.
This is not the case for the risk of hospitalisation where the risk at very high
ages is fairly similar to that for children. Intuitively one might therefore expect
a higher optimal vaccination age for the risk of lethality but no clear overall
trend could be observed across all considered scenarios. However, depending
on the considered model assumptions which risk function was chosen did not
always impact the optimal vaccination age significantly as will be discussed in

the following subsection.

7.2.2 Model Assumptions

Initially a simplified model with a constant human death rate and a constant
mosquito biting rate was assumed. This model was then improved by using a more
realistic step-death function and an age-dependent rate at which mosquitoes bite
humans. The age-dependent biting rate was determined from biting rate data and
was then used to compute the force of infection. Subsequently, to further enhance
the accuracy of the predicted optimal vaccination age, serological data was used
to determine the pre-vaccine force of infection and thus the biting rate and the
force of infection after the initiation of a vaccination campaign. Serological data
is less prone to errors than biting rate data since biting data is difficult to collect
and significantly varies on a spatial-temporal scale.

The different model assumptions had a significant impact on the lifetime ex-
pected risk and the optimal vaccination age. The constant biting rate and con-
stant human death rate that were used in Chapter 4 resulted in a lifetime expected
risk that could be influenced at least to some degree at any vaccination age since
even at very high ages there remained a chance of being infected under these
assumptions. Consequently the optimal vaccination ages for the risk of lethality,
which is particularly high at older ages, were very high so as not to increase the
average age of infection to ages with more risk. For the risk of hospitalisation

much lower optimal vaccination ages were obtained due to the risk being more
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significant in children than in old individuals.

On the other hand, the age-dependent biting rate that was obtained from
biting rate data in Chapter 5 resulted in a force of infection that tended to zero
even at fairly young ages. Together with the step-death function that corres-
ponds to a cut-off at the expected lifetime of humans this led to older individuals
experiencing a very low risk of becoming infected. The lifetime expected risk
was therefore not significantly impacted by vaccination above a certain age when
these model assumptions were considered. The differences between the two risk
functions were therefore almost negligible and the optimal vaccination ages were
found to be comparably low for both risk functions.

When serological data was used to obtain the biting rate and thus the force of
infection in Chapter 6 a force of infection with a residual term at older ages was
found to be a more accurate fit than that obtained from the biting rate data in
Chapter 5. Effectively this constitutes a combination of the previous two biting
rate functions with a large force of infection at younger ages and some constant
force of infection for older individuals. Vaccination therefore again impacted the
lifetime expected risk to some degree at any age. However, due to the step-death
function and the associated cut-off the two risk functions again led to similarly

low optimal vaccination ages.

When comparing the results obtained in Chapters 4 to 6 there are two points
that should be kept in mind. Firstly, a constant human death rate is a commonly
used approximation in epidemiological modelling. However, a step-death func-
tion, while still a simplification, more accurately describes the real population
dynamics. Secondly, considering that dengue infections have been recorded in
individuals of any age but that the frequency of infections is highest in young
children [29], it is clearly relevant to determine the age-dependence of the rate at
which mosquitoes bite humans. A constant biting rate as used in Chapter 4 or
an age-dependent one without a residual term such as that obtained from biting
rate data in Chapter 5 can give some initial indication of the optimal vaccination
age. However, it can be argued that the age-dependent biting rate with a resid-
ual term that was obtained from serological data in Chapter 6 leads to a more
accurate representation of the actual biting rate and force of infection of dengue

in Brazil. The results presented in Chapter 6 are therefore most reliable.

Vaccination Mode

In this thesis the effect of vaccination was included by assuming that vac-

cination is completely successful with a probability corresponding to the vaccine
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efficacy for each vaccinated individual. Consequently for a vaccine efficacy €
a proportion € of the vaccinated population is modelled as completely protec-
ted against the corresponding serotype while the remaining individuals do not
experience any effect due to the vaccine. This is a fairly common way of mod-
elling the effect of vaccination. However, it would also be possible to consider
that the entire vaccinated population experiences a level of protection €. In this
case if an individual comes into contact with a serotype they were vaccinated
against their probability of getting infected would be 1 — €. Similar to many
other vaccination models for dengue it was assumed that a successful vaccin-
ation corresponds to a silent natural infection. Such a silent infection was in
some cases assumed to prime individuals to a higher risk depending on the con-
sidered CRS and whether vaccine-induced risk was considered or not. Particularly
CRS (b) without a vaccine-induced risk is relevant in this case since this scenario
most closely resembles the commonly used modelling assumptions of the wider

research into dengue vaccinations [132].

Individual versus Population Perspective

Further the effect of vaccination was evaluated at a population level. The op-
timal vaccination ages presented in this thesis thus maximise the overall benefit
due to vaccination for the population. However, what was not specifically con-
sidered was the benefit or risk for each individual of the population separately. In
light of the safety concerns and the fact that an induced risk due to vaccination
may be highly correlated with the serostatus and not just the age of a recipient
very different results may have been obtained if the individual perspective had
been considered. In particular it is to be expected that under such considerations
recommendations for seronegative and seropositive individuals would be different.
Considering for example that vaccination may only be beneficial to seropositives
the optimal age might be difficult to predict at a population level. It may in this
case only be possible to predict a reasonable age at which the serostatus of a po-
tential recipient should be confirmed. Then it would be possible to vaccinate only
those individuals determined to be seropositive. By analysing the vaccine from
an individual perspective it could also be possible to reduce the overall lifetime
expected risk further especially in the case of vaccine-induced risk. In this case
one would not induce any risk in some part of the population to achieve an over-
all benefit. Indeed, from an ethical point of view the population level analysis is
questionable since it should not be acceptable to expose some vaccine recipients

to a higher risk in order to decrease the overall risk. Considering the possibility
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of the effect of vaccination depending on the serostatus of the recipient and the
ethical shortcomings of a population level approach, it is important to keep in
mind that the results presented in this thesis are merely a first approximation.

More work remains to be done especially for the case of vaccine-induced risk.

7.2.3 Number and Combination of Serotypes

In Brazil all four dengue virus serotypes coexist since the reintroduction of
DENv4 in 2010, however, not all four serotypes coexist at the same time in each
endemic area [48, 114]. Considering that the vaccination age was found to depend
on the number of coexisting serotypes as well as the specific combination of
serotypes throughout Chapters 4 to 6 it is important to determine the situation in
each endemic region before the introduction of a large-scale vaccination campaign.

The vaccine efficacies of the endemic serotypes, as well as their forces of in-
fection were decisive for the optimal vaccination age. A higher efficacy indicates
that more infections can be prevented particularly if vaccination is carried out
an age at which most infections have yet to occur. However, vaccination while
maternal antibodies persist is often unsuccessful and a balance needs to be found
between vaccinating too early when many individuals will still be protected by
maternal antibodies and vaccinating too late when many infections have already
occurred. With respect to this the average age of infection is very important. A
higher force of infection generally corresponds to a lower average age of infection
and in order to reduce the risk and prevent natural infections the vaccination
age will often be lower the higher the force of infection of the endemic serotypes
is. In many, albeit not all, considered scenarios a higher number of serotypes
therefore resulted in a lower optimal vaccination age since the overall force of in-
fection increases with every additional serotype. However, vaccination campaigns
lead to a shift in the average age of infection which can in some cases result in
a higher lifetime expected risk if the age is shifted unfavourably. In fact vaccin-
ation is not always beneficial for any number of serotypes, e.g. if there is only a
single endemic serotype the most important factor that determines if vaccination
should take place is whether there is ADE or not. In fact, the considered CRS in
general significantly influences the optimal vaccination age for any number and

combination of serotypes.

In relation to the number and combination of serotypes it is also important
to keep in mind that the effective reproduction numbers for each of the serotypes

are an important factor in the observed differences. However, the exact values
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of the effective reproduction numbers that were derived in Sections 4.3 and 5.3
are highly sensitive to the chosen start of the epidemic. Therefore a number of
simulations were carried out with several different effective reproduction numbers
which were omitted in the results sections of the corresponding chapters. In
short this sensitivity analysis indicated that the optimal vaccination age and
minimal lifetime expected risk does indeed depend on the effective reproduction
number as one would expect. In fact it was seen that in general a higher effective
reproduction number resulted in a lower optimal vaccination age and vice versa.
This is in line with expectations since the effective reproduction number is closely
related to the average age of infection, i.e. the higher the effective reproduction
number the lower the average age of infection. In order to prevent a significant
amount of infections vaccination needs to take place before the average age of
infection. In the case of a vaccine-induced risk such generalisations could not
always be observed due to the complicated balance that needs to be reached
between not causing an increased risk in some vaccine recipients and achieving

an overall benefit.

7.2.4 Cross-Reaction Scenarios

Of the 390 million estimated annual infections only roughly 100 million are
symptomatic and many of these are fairly mild [22]. However, some infections are
accompanied by severe plasma leakage, bleeding and organ failure. The reason
for certain infections leading to such severe symptoms while others are com-
pletely asymptomatic is not yet fully understood despite the ongoing research
into the different aspects of dengue transmission and antibody reactions. There
are several theories regarding this phenomenon. The two most commonly accep-
ted theories are ADE and PCI after two heterologous infections. ADE is based
on the observation that the vast majority of severe dengue cases are secondary
infections or infections in young infants with some level of maternal antibodies
[73, 84, 93]. Third and fourth infections are not usually recorded and it is therefore
assumed that two heterologous infections confer PCI against the remaining sero-
types [53, b4, 115]. However, neither of these assumptions has been conclusively
proven so far. The optimal vaccination age for the different model assumptions
was therefore determined for each of the four possible CRSs based on ADE and
PCI (cf. Section 3.4).

Recall that in CRS (a) all infections are considered risky, in CRS (b) all but
primary infections are considered risky, in CRS (c) only primary and secondary

infections are considered risky and in CRS (d) only secondary infections are con-
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sidered risky. It is not surprising that these assumptions have a significant impact
on the optimal vaccination age. In CRS (a) and CRS (c) primary infections need to
be targeted in order to effectively reduce the risk for the population. On the other
hand, in CRS (b) and CRS (d) it is not necessary to prevent primary infections since
they are risk-free so that it is better to delay the vaccination until it is certain
that maternal antibodies no longer persist. However, in CRS (c¢) and CRS (d) it
is also important to vaccinate before most secondary infections occurred since
vaccination after the secondary infection will no longer have any effect due to
PCIL. Consequently it could be observed that in general the optimal vaccination
ages that were obtained in CRS (a) and CRS (c¢) are much lower than in CRS (b)
or CRS (d). Additionally the optimal vaccination ages obtained for CRS (c¢) and
CRS (d) tended to be lower than those for CRS (a) and CRS (b) respectively to
ensure that fewer individuals with two prior infections are being vaccinated.

A further observation related to ADE was that if only a single serotype is
endemic and primary infections were assumed risk-free, i.e. in CRS (b) and CRS (d),
vaccination was not recommended at all. This can in fact be intuitively expected
since in the absence of a vaccination campaign all natural infections will be risk-
free primary infections. However, once vaccination takes place some infections will
be secondary, tertiary or quaternary infections depending on how many serotypes
an individual was successfully vaccinated against. This is due to Dengvaxia being
an imperfect vaccine, i.e. it is not 100% effective, so that some recipients will be
partially immunised and thus exposed to a risk in a possible subsequent natural

infection.

The CRS was, in fact, one of the most decisive aspects for the optimal vac-
cination age. Considering the vastly different optimal vaccination ages that were
obtained for the different CRSs it is therefore highly important to determine which
of these scenarios is most realistic. Additionally ADE and PCI may have an ef-
fect on the transmission dynamics of the different serotypes which would indicate
that more understanding of these cross-reactions will be beneficial not only for
the determination of the ideal vaccination strategy but also for the understanding

of the disease itself.

7.2.5 Age-Dependence of the Vaccine Efficacy

In addition to the uncertainties regarding antibody cross-reactions there is also
some ambiguity relating to Dengvaxia and its ability to prevent severe dengue

infections. In particular vaccine trials showed that depending on the age of the
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recipient vaccination will have a different effect, i.e. it will be more effective in
children above the age of 9 years than below this age [32, 66]. However, it has
been argued that the analysis based on these age-groups is flawed [38] and some
researchers maintain the position that age is merely a surrogate for the serostatus
of the recipient with a higher efficacy in seropositive individuals [4, 5]. Therefore
both a constant and an age-dependent efficacy were considered throughout this
thesis.

Considering that the age-dependent vaccine efficacy for individuals below the
age of 9 years is significantly lower than the age-independent vaccine efficacy but
increases drastically once the vaccine is given to individuals above 9 years (cf.
Table 1.1) it is not surprising that this assumption has a significant impact on
the optimal vaccination age, particularly if the optimal vaccination age with a
constant vaccine efficacy was found to be below the age of 9 years. In these cases
an age-dependent efficacy often resulted in a much higher optimal vaccination
age of 108 months, i.e. 9 years. However, even for cases in which the optimal
vaccination age was above 9 years the age-dependence of the vaccine efficacy was
found to be relevant. Due to the higher efficacy at ages above 9 years compared
to the constant efficacy scenario more infections can be prevented. This resulted
in lower optimal vaccination ages in some cases since the higher efficacy means

that more infections can be prevented even at a slightly lower vaccination age.

The effect vaccination has on individuals of different ages is clearly highly
relevant when determining the optimal vaccination age. However, it is unlikely
that this type of step-function adequately describes the real behaviour of the
vaccine. If the efficacy does indeed solely depend on the age of the recipient it is
much more realistic that the efficacy increases continuously as the immune system
develops and the response to the vaccine improves. So far it is still unclear whether
the higher efficacy in older individuals is due to their age per se or whether it
is higher because older individuals are more likely to have experienced a prior
infection, i.e. the serostatus rather than the age of the recipient determines the
efficacy. In fact, the serostatus of the recipients may be the most important factor
for the outcome of a vaccination campaign as will be discussed in the following

subsection.

7.2.6 Vaccine-Induced Risk

The most recent development regarding the effect of Dengvaxia is that an

increased risk of requiring hospital treatment in subsequent natural infections has
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been observed in some vaccine recipients [132]. Particularly young seronegative
individuals seem to be vulnerable to experiencing severe symptoms due to vaccine-
induced antibodies. After considerable pressure from the research community
[3, 6, 74] the WHO therefore changed its recommendation from vaccinating any
individuals above the age of 9 years to only vaccinating those above this age who
have had a prior dengue infection [132, 133]. The manufacturer of Dengvaxia,
Sanofi Pasteur, also revised their position and updated the label of the vaccine
[135].

These are fairly recent developments so that the increased risk in seronegatives
was only considered for the more advanced model with a step-death function for
the human population and an age-dependent mosquito biting rate in Chapters 5
and 6. In fact, the vaccine-induced risk was only applied to the risk of hospitalisa-
tion since so far no increase in fatal infections has been observed for any vaccine
recipients. However, considering the relatively short time-frame of the vaccine
trials and the small trial cohort it is possible that in the future an increased
lethality risk will be observed. In this case the lethality related data needs to be
evaluated if and when it becomes available.

The vaccine-induced risk had a significant impact on the optimal vaccina-
tion ages. However, depending on the CRS and the model assumptions the effects
differed. In Chapter 5 the optimal vaccination age compared to the cases without
any vaccine-induced risk increased drastically particularly in CRS (c) and CRS (d).
Further for only a single endemic serotype vaccination is often not recommended.
This is due to the high risk of successfully vaccinating a seronegative individual
against a non-endemic serotype but not against the endemic serotype particularly
if the vaccine efficacy is low. If vaccination is only carried out once the natural in-
fection occurred it has no effect and will therefore not reduce the overall risk. The
vaccine efficacy in this case is very important. If the vaccine efficacy and vaccine-
induced risk are assumed constant, vaccination was found to be recommended for
DENv3 and DENv4 in CRS (a) due to the higher efficacy of these serotypes. With
an age-dependent efficacy the efficacy above 9 years is higher compared to the
constant efficacy case for all serotypes and indeed vaccination was found to be
recommended as long as primary infections are risky, i.e. in CRS (a) and CRS (c).
For several coexisting serotypes the optimal vaccination ages for CRS (b) were
higher than those for CRS (a), while those for CRS (c) and CRS (d) were found to
be very similar. The vaccine-induced risk implies that it is harmful to vaccine
seronegative recipients. However, in CRS (a) all infections are risky so that as long

as sufficient individuals are successfully vaccinated against the endemic serotypes
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vaccinating some seronegatives can be risked. If primary infections are risk-free
vaccinating seronegatives is not only unnecessary but counter-productive so that
the optimal vaccination ages for CRS (b) were found to be much higher. Consid-
ering that there was no residual force of infection due to the model assumptions
and that due to PCI vaccination after a secondary infection does not have any
effect CRS (c) and CRS (d) resulted in similar optimal vaccination ages.

In Chapter 6 the force of infection had a residual term. In this case the
vaccine-induced risk resulted in much higher optimal vaccination ages compared
to the risk of hospitalisation without such an increased risk in all CRSs apart from
CRS (a). Again, the optimal vaccination ages for CRS (a) were not as impacted and
remained fairly low. Due to the residual force of infection the optimal vaccination
ages for CRS (c) and CRS (d) varied more than in Chapter 5.

With a vaccine-induced risk the ideal time to vaccine is after most primary but
before many secondary infections have taken place. This is particularly true in
CRS (c) and CRS (d) where successful vaccination of an individual who has had one
prior infection against any other serotype will result in the individual no longer
being at risk. However, independent of the model assumption and the considered
CRS the lifetime expected risk was often a very flat function of the vaccination
age. Therefore with a vaccine-induced risk the burden on the health care system
cannot be reduced significantly even at the optimal vaccination age. Considering
that large-scale vaccination campaigns are expensive it is therefore necessary to
evaluate the benefits of such a campaign from a economic point of view if the
recent concerns regarding the use of Dengvaxia in seronegative individuals prove

accurate.

7.2.7 Vaccination Age under Licence Restrictions

The optimal vaccination age is influenced by many different factors as was
discussed in the previous subsections. However, the current licence of Dengvaxia
in Brazil in fact only permits the vaccine to be used in individuals between the
ages of 9 and 45 years. This age-range was determined based on the age-dependent
analysis of the vaccine trial data. Considering that the age-dependence of the
efficacy and vaccine-induced risk are still being challenged this licence restriction
may at some point have to be revised. For now the optimal vaccination age under
the current age constraint needs to be known so as to most effectively decrease the
burden on the Brazilian health care system. These ages were therefore determined

for all model assumptions and CRSs and the effect of vaccinating at the ideal age
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without any age-restriction was compared to the effect of vaccinating according
to the current licence restriction.

The age-restriction results in vaccination being most beneficial as close to
the optimal age as possible in almost all cases, i.e. for very low optimal vaccina-
tion ages vaccination should be carried out at 9 years and for very high optimal
vaccination ages at 45 years. This is true independently of the risk function,
model assumptions, number of serotypes, CRS and assumptions relating to the
performance of the vaccine. However, the negative effect this restriction has on
the lifetime expected risk and thus on the health care system clearly depends on
other assumptions. In general many more of the determined optimal vaccination
ages are already within the permitted age-range for an age-dependent efficacy
(and age-dependent vaccine-induced risk) so that in this case the restriction has
less impact. The percentage increase of the lifetime expected risk from its min-
imum is fairly low in this case even if the optimal vaccination ages are outwith
the permitted age-range. This is particularly true for the model assumptions in
Chapters 4 and 6 where the increase is no higher than 40% for an age-dependent
efficacy. For a constant efficacy the maximum percentage increase is 223% for
the risk of hospitalisation and lethality and 46% for the risk of hospitalisation
with a vaccine-induced risk. In Chapter 5 the increase in general is much higher
independent of the considered risk. However, again the increase with a vaccine-
induced risk is much lower than if no vaccine-induced risk is considered. This is
to be expected since the lifetime expected risk in this case is a very flat function

of the vaccination age so that limiting the vaccination age has less effect.

For almost all combinations of factors that affect the optimal vaccination age
the restriction of the age has a negative impact but this impact varies significantly.
However, if it turns out that the age-group analysis of the vaccine trial data which
resulted in this licence restriction is indeed flawed as some researchers claim [38]
it is possible that the licence will be revised. Considering that many optimal
vaccination ages did not conform to the permitted age-range this may in fact be
necessary to ensure the greatest possible relief of the strain dengue puts on the

Brazilian health care system.

7.2.8 Dengue Data and its Limitations

The results presented within this thesis are clearly subject to a large degree
of uncertainty. Some of this uncertainty arises due to the modelling framework

being an approximation of the real dynamics. However, more importantly the
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lack of understanding of the dynamics, especially when it comes to the considered
CRSs, inevitably results in a wide variety of optimal vaccination ages. This issue
is closely related to the available data concerning the dengue viruses and the
Dengvaxia vaccine. In the absence of more accurate data it is important to keep
in mind that the results can only be understood as an indication of the optimal
vaccination age. This is due to a number of limitations relating to the used
data. Two of the most important limitations are the heterogeneity of dengue
epidemiology and the fact that the vaccine trial data was extrapolated to ages

far beyond the maximum recorded age.

Heterogeneity of Dengue Epidemiology

Dengue is endemic in most of the subtropics and tropics. However, as dis-
cussed in Section 1.2.2 the different areas of the world are subjected to very
different levels of transmission and thus experience the burden caused by the dis-
ease to a varying degree. The same is indeed true at a smaller scale. In Brazil
some regions are much more affected by the virus than others. This is not surpris-
ing considering that Brazil spans several climate zones. But even within one city
the transmission rates can differ significantly. This spatial heterogeneity can be
due to a number of reasons. It is for example possible that in one neighbourhood
the mosquito density is lower due to a successful implementation of preventive
methods. On the other hand proximity to water reservoirs might result in more
favourable conditions for the mosquito population. Similarly the transmission
rate might be higher in a more densely populated neighbourhood especially if
other factors contribute as well, such as a lack of air conditioning or more time
spent outside at peak feeding times of the Aedes aegypti.

The spatial heterogeneity has a large impact on the optimal vaccination
strategy. The higher the transmission rate the earlier vaccination should po-
tentially be carried out. It was, however, neglected for the analysis carried out
in this thesis. This is partly due to a lack of location specific data. The results
therefore need to be understood to give an indication for the optimal vaccination
age only. If the epidemiological situation in a region is similar to the average situ-
ation in Brazil the results are most realistic. However, as pointed out previously
if the presented modelling framework is to be used to aid with the implementa-
tion of a vaccination campaign for a specific area it would be best to repeat the
analysis with location specific data.

Indeed the transmission of dengue is not only location specific but also highly

seasonal with a peak in transmission during the rainy season. In addition to this
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it has been noted that the different dengue serotypes tend to replace each other as
the most prevalent type in a multi-annual cycle. Dengue transmission therefore
displays a highly spatial-temporal heterogeneity.

The seasonality may not be such a relevant factor when it comes to the optimal
vaccination age. However, this should be confirmed by including a seasonal factor
in the model. What will definitely have an impact on the results, however, is the
prevalence of the epidemic serotypes. The results indicate that the vaccination
age is dependent on the specific serotypes in circulation. Especially in light of the
different theories regarding the serotype interactions it is therefore likely that the
optimal vaccination age would also be impacted by such a temporal heterogeneity.
It needs to be reiterated that the presented results only give a first indication and
more analysis as well as collection of dengue epidemiological data is necessary to
be able to make reliable suggestions for vaccination campaigns. Indeed it is also
necessary to obtain more data relating to the vaccine itself since the data that

was used has its limitations as will now be discussed.

Extrapolation of the Vaccine Trial Data

Independent of the specific model assumptions the trial data relating to the
vaccine efficacy and the relative risk for vaccinated individuals as presented in
Tables 1.1 and 1.2 were extrapolated to ages below and above the ages which were
recorded in the vaccine trials. This has an effect on all results presented in this
thesis independent of whether an age-dependent vaccine efficacy or a constant
vaccine efficacy was assumed and whether vaccine-induced risk was considered or
not.

Extrapolating the data to ages below 2 years can be justified by considering
that the extrapolation is fairly limited towards birth. Even so it needs to be
kept in mind that this is a strong assumption since infants may indeed have a
much weaker immune response due to their not completely developed immune
system. However, the model takes account of a reduced rate of seroconversion in
infants based on the existence of maternal antibodies which mitigates this effect
somewhat.

The extrapolation to ages above 16 years is a more precarious assumption.
This is mainly due to the large age-range for which the extrapolation takes place.
Data is only available for a fairly limited age-range between 2 and 16 years. How-
ever, it is assumed that the efficacy and relative risk at ages far above 16 years
does not change. Considering that there is some evidence that both the efficacy

and the vaccine-induced risk may indeed be age-dependent, it could be argued
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that for adults the efficacy of the vaccine is likely to increase while the vaccine-
induced risk is likely to decline. At very old ages a weaker immune system might
conversely lead to a lower efficacy and higher vaccine-induced risk. Consider-
ing that the results rarely required vaccination at very high ages even with the
probably overestimated benefits of the vaccine for these ages the extrapolation
to these ages is less relevant. However, the true efficacy and vaccine-induced risk
for young adults to middle-aged individuals could lead to a different outcome.
For a higher vaccine efficacy this can be derived from the age-dependent vaccine
efficacy results compared to the age-independent results throughout Chapters 4
to 6 where the increase in efficacy almost always led to a drop in lifetime expected
risk. However, it is also important to keep in mind that the efficacy is not the
only factor influencing the vaccination age. An important aspect is the average
age of infection. If vaccination is to successfully prevent infections it needs to
take place before most natural infections occurred, independent of whether the
maximum efficacy has been reached. Seeing that dengue affects mostly young in-
dividuals it may therefore be argued that despite the underestimation of efficacy
at higher ages the results presented within this thesis do serve as a first indication
of when vaccination should take place. In either case the modelling framework
presented in this thesis should be applied to a specific target region, ideally with
more detailed data rather than taking the results as presented here.

Similarly the vaccine-induced risk may not play such a large role at older ages
in which case it may be possible that vaccination could indeed be beneficial on a
population level in some cases where it was determined not to be in this thesis.
This is particularly important considering that the optimal vaccination ages when
a vaccine-induced risk was considered was much higher than otherwise. Before
a vaccination campaign, which may be beneficial to the overall population but
harmful to some individuals, could be considered it would still be necessary to

address whether this is justifiable from an ethical point of view or not.

7.2.9 Comparability of Results to other Research

According to the WHO [132], who evaluated some dengue vaccination models
for a variety of epidemiological settings, most dengue models predict a reduc-
tion in severe dengue cases for epidemiological settings with a moderate to high
transmission intensity. However, they also highlight that in very low transmission
settings vaccination could lead to an increase in severe cases. In light of this it is
interesting to consider the transmission intensity that was considered for each of

the models in this thesis so as to determine how well the results can be compared
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to other research. Note that the transmission intensity is generally considered
low if at less than 50% of children at age 9 are seropositive, moderate if 50-70%
at that age are seropositive and high for over 70% being seropositive at age 9
years.

The proportion of individuals who are seropositive in the absence of vaccina-
tion at a certain age can easily be obtained for each of the models presented in
this thesis by considering that the proportion of individuals at age a that are un-
affected by serotype i is given by uj(a). Therefore one can derive the proportion
of individuals who have been affected by at least one serotype and are therefore
seropositive to dengue as pT(a) = 1 — ul(a)ud(a)ud(a)ug(a). The intensities for
the three models presented in this thesis are shown in Table 7.1.

Clearly the different assumptions and data used led to very different trans-
mission settings. Considering a probability of being seropositive at age 9 years of
almost 100% for the model with an age-dependent biting rate and a step-death
function it is, for example, not surprising that the optimal vaccination ages for
this model were generally far below 9 years. This is not true in the case of a
vaccine-induced risk. However, in comparison to the other two models the op-
timal ages in this case still tend to be lower. Here it is again important to point
out the limitations of the data that was used to derive the biting rate and thus
the optimal vaccination ages. A rate of seropositives of 99% is surely a signific-
ant overestimation for Brazil and indeed most other countries albeit it may be
applicable to some small communities with a very high transmission intensity.

The first model that was considered also corresponds to a high transmission
setting. However, the proportion of seropositives at 9 years of 75% is much more
similar to the transmission settings that are commonly modelled and assumed to
benefit from vaccination. Indeed this was true in this thesis as well, especially
for the risk of hospitalisation. Lethality is less frequently considered in other
research. Lastly the model in which serological data was used to derive the biting
rate and force of infection corresponds to a transmission setting which is barely
moderate. In this case vaccination is generally assumed to be beneficial albeit
not as drastically as in higher transmission settings [132]. Indeed the optimal
vaccination ages were higher than for example with an age-dependent biting rate
derived from mosquito biting data.

When comparing the optimal vaccination ages to those obtained from other
models it is important to keep in mind that CRS (b) may be the best point of com-
parison. This is due to the fact that vaccination models for dengue often analyse

the effect of vaccination in the presence of ADE. They usually consider successful
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vaccination to correspond to a silent natural infection. In CRS (b) ADE is the
base assumption and successful vaccination is considered to prime seronegative
individuals due the increased risk in secondary infections. Note further that an
additional vaccine-induced risk is not commonly explicitly modelled. However,
the assumption of ADE and a priming of seronegatives due to vaccination of

seronegatives does indeed already capture this to some extent.

Table 7.1: The proportion of seropositives at age 9 years for each of the three
considered models together with the corresponding transmission in-

tensity.
Model assumptions pt(9) Intensity
q and ppy constant 0.75 high
q(a) age-dependent, pp(a) step-function 0.99 very high
q(a) from serological data, py(a) step-function 0.48 low—moderate

7.2.10 Summary

Vastly different optimal vaccination ages were obtained depending on the com-
bination of assumptions made. In this section the factors influencing the optimal
vaccination ages have been discussed. In particular the results are impacted by
the complexity of the model, the risk that is being minimised through vaccina-
tion, the considered CRS, the vaccine efficacy and vaccine-induced risk as well as
the restriction of the vaccination age according to the current licence.

The exact combination of all of these factors is decisive. This can clearly
be seen when considering the two risk functions for the risk of hospitalisation
and lethality. Depending on the underlying model assumptions the differences
between the two functions has a large or almost no effect on the optimal vac-
cination age. However, for each of the functions the considered CRS was found
to be one of the most important factors independent of the model assumptions.
Considering that the CRSs correspond to some types of infection being risk-free
this is not surprising. They are based on two common theories regarding the
interaction of antibodies from different dengue serotypes, namely ADE and PCI.
However, neither of these theories has been conclusively proven so far. Without
more knowledge about the possible serotype interactions it is therefore difficult
to determine the ideal age to vaccinate against dengue.

Another very important factor is whether Dengvaxia does indeed cause an
increased risk in some recipients. In fact, this is closely related to the different

CRSs since this increased risk is believed to be caused by vaccine-induced ADE.
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The higher number of hospitalisations in seronegative recipients may therefore be
understood as an indication that ADE does indeed influence the severity of infec-
tions. The most realistic CRSs may therefore be CRS (b) and CRS (d). However,
clearly more research into the cross-reactions between naturally acquired anti-
bodies to different serotypes and between naturally acquired and vaccine-induced
antibodies is necessary in order to fully understand the disease dynamics and the
effect vaccination may have on a specific recipient as well as on the population
as a whole.

The analysis of the vaccine trial data based on the age-groups of children
under the age of 9 years and those aged 9 years or above has been challenged.
This is particularly important in light of the vaccine-induced risk which may in
fact be solely associated with the serostatus of the recipient and not their age.
Similarly the vaccine efficacy may not at all be age-dependent. However, the
lower efficacy in individuals younger than 9 years is one of the reasons why the
vaccine is currently only licensed for the use in children above the age of 9 years.
This restriction tends to have a very negative impact depending on the underlying
assumptions and may need to be revised.

With respect to the vaccine trial data, and indeed all data that was used to
derive model parameters in this thesis, it needs to be kept in mind that there are
limitations to its reliability. Consequently the derived vaccination ages merely
give an indication and more analysis is necessary to give conclusive recommend-

ations for the use of Dengvaxia.

Considering the large variety of optimal vaccination ages that were presented
in this thesis and the uncertainties regarding antibody cross-reactions and vaccine
performance it is clear that further research is necessary to enhance the reliability
of the results. Some of the possible aspects future research could focus on will be

discussed in the next section.

7.3 Future Work

Dengvaxia was licensed only recently and its long-term effects are not yet
known. The controversy that arose after its licensing have, however, indicated
that the vaccine may cause harm in participants who have not experienced a
dengue infection prior to vaccination. In particular preliminary data from the
long-term follow-up phase of three clinical trials documented an increased risk
of severe dengue in break-through infections for such recipients. This data was

therefore used in Chapters 5 and 6 of this thesis to attribute a vaccine-induced risk
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dependent on the serostatus of a vaccinated individual. However, the data was
very crude and it was necessary to estimate the true incidence of break-through
cases in successfully vaccinated individuals. In addition, no data that detailed
the increased risk dependent on the infecting serotype was available. A detailed
analysis of the vaccination outcome in all recipients will be necessary in Brazil and
the Philippines where large-scale campaigns had already been initiated before the
dangers became apparent. In the future this may result in much more detailed
data that should be incorporated to determine the optimal vaccination age. Even
the crude data that was used in this thesis already showed a significant depend-
ence of the optimal age on whether the vaccine induces a risk in seronegatives or
not. Once more data becomes available the modelling framework as described in
Chapter 3 can be utilised to determine more accurate optimal vaccination ages
with a vaccine-induced risk.

However, independent of the available data it may be beneficial to adapt the
transmission model and some underlying assumptions. In particular a multi-
serotype model which explicitly models the vaccine-induced serostatus and the
infection-induced serostatus may lead to a more realistic approximation of the
infection and vaccination dynamics. Having said that, a model of all four dengue
serotypes and the vaccination effect on the their transmission is going to be much
more complex than the model presented in Chapter 3. In a first step it may
therefore be easier to consider only two serotypes and their interactions explicitly.
This can still lead to valuable insights into the vaccination effect since dengue
serotypes appear to be pairwise similar in their dynamics [33]. Dengue models
considering two serotypes are fairly common [85] and could be built upon to
determine the optimal vaccination age similarly to how it was done in this thesis.
A key point will be the definition of the lifetime expected risk for such a model
which would certainly require separate definitions for the risk in vaccinated and
unvaccinated individuals based on their serostatus.

The recommendations for the use of Dengvaxia have been adapted follow-
ing the controversy about its effect in seronegative recipients. A two-serotype
model should therefore also make it possible to restrict vaccination to seropos-
itive individuals only. In the single-serotype model presented in this thesis such
a restriction cannot easily be incorporated due to the transmission dynamics for
each serotype being independent of each other. In a future two-serotype model
it may, however, also make sense to analyse the effect of vaccinating a small pro-
portion of seronegatives in addition to seropositives. This possibly reflects the

reality more closely as laboratory tests are not 100% specific and even with prior
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testing some seronegatives will likely be vaccinated.

Dengvaxia was the first licensed dengue vaccine. However, a number of other
candidate vaccines are in late developmental stages with promising results in
clinical trials. An analysis of the optimal vaccination age for these vaccines may
be highly relevant considering that Dengvaxia has already been banned in a few
countries due to the potential harm it causes in some recipients. In a first step
this can be done using the modelling framework presented in this thesis with a
number of small alterations, i.e. the number of recommended doses needs to be

taken account of and the efficacy of the vaccine adjusted.

In any case a better understanding of the serotype interactions and the effect
of dengue vaccines in seronegative and seropositive individuals is crucial for fu-
ture work. For some vaccine candidates clinical trials are still ongoing and for
Dengvaxia the long-term follow-up is now reaching its end. More reliable data
concerning these aspects of dengue disease transmission and vaccination may
therefore become available soon and could lead to an improvement of the results

obtained through mathematical modelling in the future.
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